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As currently understood the origin of a 
new species in terrestrial vertebrates ap- 
pears to depend on three processes. The 
first consists of the appearance of a va- 
riety of genotypes through recombination 
and to a much lesser extent through muta- 
tion. The second process, which usually 
occurs in a limited portion of the species’ 
range, involves the increase in frequency 
of genotypes that better adapt the indi- 
viduals possessing them to the conditions 
of the local environment. This increase in 
frequency is due to natural selection. The 
third process, which may be a special case 
of the second, consists of the development 
of mechanisms that can prevent gene ex- 
change between the regionally adapted 
population and the remainder of the spe- 
cies. The first process results in an in- 
creased variability within the population. 
The second process, which involves the 
regional differentiation of the population, 
may lead to the division of the species into 
subspecies. The third process, leading to 
the development of isolating mechanisms, 
is the final step in the formation of new 
species. This outline is obviously a sim- 
plification of the extremely complex phe- 
nomenon of speciation and _ represents 
but one of the many methods by which a 
new species may originate. 

1 These studies were aided by a grant from 


the Penrose Fund of the American Philosophi- 
cal Society. 
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The present paper is part of a series de- 
voted to accumulating data pertinent to the 
problems of speciation in the frog Rana 
pipiens. Accounts of geographic varia- 
tion (Moore, 1944) and of interracial 
hybridization (1946) have already been 
presented. The data that will now be 
given are concerned with the possible oc- 
currence of regionally adapted populations 
in this species (the “second process” de- 
scribed in the preceding paragraph). 
Adaptation is of course universal in or- 
ganisms. The very existence of a species 
is an indication of a close harmony be- 
tween it and its environment, yet any 
study of the origin and nature of adap- 
tive characters is beset with many difficul- 
ties. In the first place the environment 
acts on the whole organism and not on 
its particulate morphological and physio- 
logical characteristics. In the second 
place, it is frequently difficult to appreci- 
ate the adaptive significance of a given 
structure or process. These and other 
difficulties have led some investigators to 
deny that the differences distinguishing 
species and varieties have any adaptive 
sigificance. To be sure neutral or slightly 
deleterious characters may increase in fre- 
quency under some conditions. However 
it is probable that many or most of the 
characters differentiating related forms 
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have arisen directly or indirectly as a 
result of natural selection. By implication 
they must have some adaptive value or be 
associated with characters that have adap- 
tive significance. 

A possible way to circumvent some of 
these difficulties involves the selection 
for study of those characters that are 
shared in common by different species oc- 
cupying similar environments. When it 
is found, for example, that many unrelated 
homothermic animals have northern races 
which are larger than southern races, we 
can be reasonably sure that the increased 
body size of the northern individuals has 
an adaptive significance. This is essen- 
tially the manner in which adaptive char- 
acters were selected for study in Rana 
pipiens. First, northern and southern 
species were compared to find those char- 
acters that showed a correlation with dis- 
tribution and therefore probably repre- 
sented adaptations to temperature ( Moore, 
1939, 1940, 1942a, 1942c). This investi- 
gation revealed that a number of embry- 
onic characters such as temperature tol- 
erance, rate of development, temperature 
coefficient of development, type of egg 
mass, and size of egg were closely cor- 
related with geographic distribution. The 
nature of the differences between northern 
and southern species can be brought out 
in a comparison of Rana sylvatica and 
Rana catesbeiana. The former may be 
thought of as the most northern and the 
latter as the most southern of the frogs 
found in the New York region. 


Rana Rana 
sylvatica catesbeiana 
Northern limit 67° 30’ N. 47°N. 
Lower limitingembry- —.2.5° C. 
onic temperature 
Upper limiting embry- 24° C. =<. 


onic temperature 


Interval between first} 72 hours 134 hours 
cleavage and gill cir- 
culation at 20° C. 

Temperature coefh- 1.98 2.88 
cient 

Type of egg mass compact loose 

and surface 
submerged film 


Egg diameter 1.9 mm. 1.3 mm. 


There is little doubt that these embryonic 
features that distinguish the two spe- 
cies have an adaptive significance. After 
tits preliminary study on different spe- 
cies a single species was investigated. 
The data to be presented in this paper are 
concerned with the geographic variation 
of the above mentioned embryonic char- 
acters in Rana pipiens. 

Rana pipiens has the greatest distribu- 
tion of any American frog. It occupies 
most of our continent from northern Can- 
ada to Panama. There is considerable 
variation in the appearance of the indi- 
viduals from different geographic regions. 
This has led some investigators to split 
Rana pipiens into a number of subspecies 
or even into different species. The lack 
of any generally accepted opinion on the 
“pipiens problem” led to a re-examination 
of its taxonomy (Moore, 1944). After 
studying much material from eastern 
North America it became apparent that the 
characters generally employed in dividing 
the populations into different species or 
subspecies were not reliable. It was 
thought best to regard all eastern Ameri- 
can meadow frogs as belonging to one 
species which cannot be divided into a con- 
venient number of readily defined subspe- 
cies, unless a tremendous number of races 
are regarded as valid subspecies. 


MATERIALS AND METHODS 


In the experiments to be reported in this 
paper material from the following localities was 
used: Montreal, Quebec; Alburg, Vermont; 
western Wisconsin; Mt. Ephraim, New Jersey; 
Chalmette, Louisiana; Ocala, Florida; Engle- 
wood, Florida; Pyote, Texas; and Avxila, 
Mexico. 

Fertilized eggs were obtained by the now 
standard pituitary injection method. Ovulation 
was induced by injections of frog anterior 
pituitary glands. The eggs were fertilized with 
a sperm suspension made by cutting up the 
testes of one or more males in spring water, 
0.1 Ringer’s or 0.1 Holtfreter’s Solution. About 
15 minutes before first cleavage the embryos 
were separated into small groups, placed in cov- 
ered containers with either spring water, 0.1 
Ringer’s, or 0.1 Holtfreter’s Solution, and then 
distributed to the constant temperature baths, 
incubators, and cold rooms that were used in 
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controlling the temperature. In most of the 
experiments constant temperature baths were 
used exclusively. [frequent measurements were 
made of the temperature in the dishes where the 
embryos were developing. In those cases where 
the standard error of the mean was 0.1° C. or 
less only the mean temperature will be given. 
If the standard error was 0.2° or greater both 
the mean and standard error are given. 

The embryos were examined at frequent in- 
tervals and the degree of development ex- 
pressed in terms of Pollister’s Stages ( Pollister 
and Moore, 1937). In some instances the let- 
ter E, M, or I is added to signify early, 
middle, or late. The embryos were said to be 
in a given stage if 50 per cent of them showed 
the characteristics for the stage in question. 
In most experiments embryos from two or more 
localities were fertilized simultaneously. When 
parallel experiments were run in this manner, 
minor differences in rate of development are 
readily apparent. This method has the great 
advantage of making it unnecessary to note the 
exact time when the embryos enter a given 
stage, which would be necessary if the experi- 
ments were conducted at different times. 

Temperature tolerance was determined by 
the per cent normal development observed over 
a range of temperatures. If 50 per cent, or 
more, of the embryos were normal the tem- 
perature at which they were kept was said to 
be in the normal range. 

It was customary to examine the embryos 
when they were in Stage 19 or 20 to determine 
the per cent that were defective. It should be 
realized that the embryos not developing nor- 
mally might be doing so for reasons not asso- 
ciated with temperature (such as failure of 
fertilization or through the possession of ab- 
normal genotypes). This difficulty was par- 
tially overcome in the following manner. The 
highest percentage normal development  ob- 
served was taken as 100 per cent. The data 
for the remaining temperatures were then ad- 
justed to this base. When this procedure was 
followed the data are designated as “adjusted.” 
When not so specified the data are in the form 
actually recorded. In the majority of cases this 
resulted in little or no adjustment of the data 
because the highest per cent normal develop- 
ment was between 95 and 100. An additional 
indication of temperature tolerance comes from 
observations on the morphological features of 
the embryos themselves. Heat and cold injury 
is not an all-or-none phenomenon and definite 
indications of injury can be observed even 


though the embryos continue their development. 
Observations of this nature will be given in the 
description of the various experiments. 


1. EMBRYONIC TEMPERATURE TOLER- 
ANCE AND RATE OF DEVELOPMENT 


a. Vermont and Wisconsin 


The vast majority of Rana pipiens used 
in biological laboratories are secured di- 
rectly or indirectly from the Lake Cham- 
plain district of Vermont or from Wis- 
consin. Individuals from these two lo- 
calities resemble one another closely in 
structural features and appear to be identi- 
cal in the embryological characters that I 
have studied. In nearly all the experi- 
ments in which the temperature tolerance 
and rate of development of different local 
populations of Rana pipiens was studied 
it was possible to run a parallel experiment 
with either Vermont or Wisconsin ma- 
terial. Thus embryos from these two lo- 
calities served as a standard or basis of 
comparison. Rate data for these two lo- 
calities need not be given separately since 
most of the succeeding experiments will 
have observations on one or the other. 

It might be mentioned that the variation 
observed in rate of development among 
different groups of embryos from the same 
locality ranges about 2 per cent on either 
side of the mean. This value is based 
upon a large amount of data collected over 
a period of 12 years from Vermont em- 
brvos. 

The lower limiting temperature for 
Vermont embryos is about 5° (Fig. 1). 
Previously I have reported this value to 
he 6° (Moore, 1942a) but additional ex- 
periments have led to the conclusion that 
the lower value more closely approximates 
the average for 50 per cent normal devel- 
opment. I have not observed normal de- 
velopment at 4° or below. At 5° the per 
cent normality has varied from 20 to 100. 
The average upper limiting temperature 
for 50 per cent normal development is 28°. 
At 30° the per cent normality is usually 
0 but in one experiment it was 100. The 
lowest temperature at which some evi- 
dence of heat injury can be expected is 

The lower limiting temperature for 
Wisconsin embryos has not been deter- 
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Fic. 1. Per cent normal development of Vermont (circles) and Wis- 
consin embryos (crosses) at various temperatures. The data are “adjusted” 
(see Materials and Methods). The curve represents an attempt to express 
not only the data shown on the graph but also to estimate the morphological 
indication of heat injury. Thus the curve is drawn at 100 per cent between 


not their “hybrids,” are given in Figure | 
after they were adjusted in the manner 
described previously (see “Materials and 
Methods’’). 

The mean percentage normal develop- 
ment for Wisconsin embryos at 27.5° was 
58 + 11 and at 29.7° it was 20 + 9 (Table 
4). The mean percentage for 10 groups 


Se 6.5 and 26° because there is no indication of heat or cold injury in this tem- 
s j perature region. It is believed that failure to observe 100 per cent normal 
4 development in this range is due to factors not concerned with temperature 
— tolerance. Data from 14 Vermont and 8 Wisconsin females. 
“ua mined. In two cases development was of Vermont embryos developing at tem- 
a i: normal at 8.6°. The upper limiting tem- peratures within 0.2° of 27.5° was 85+ 
oN perature is the same as in Vermont em- 4. The mean percentage for 9 groups 
| bryos. Considerable data on Wisconsin of Vermont embryos developing at tem- 
: material have already been presented peratures within 0.1° of 29.7° was 47 + 
i (Moore, 1942b). Inthe paper referred to 14. 
gi a comparison was made of the tempera- 
&§ ture tolerance of Wisconsin pipiens and b. New Jersey 
. its burnsi mutant (the burnsi mutant dif- Porter (1941) compared the rates of 
fers from wild type in possessing a single development at 19.4° of Vermont pipiens 
| dominant gene which suppresses the dorsal with individuals collected along the Dela- 
| spots). The burnsi gene does not affect ware River near Philadelphia and found 
embryonic temperature tolerance, so ob- them to be the same. I have studied ma- 
/ servations on individuals carrying this terial from the same general region and 
= gene can be included. The data on Wis- can confirm his observations. 
i consin pipiens and Wisconsin burnsi, but A direct comparison of New Jersey and 


Vermont embryos has been made on four 
occasions. Data for one of these experi- 
ments, begun November 8, 1940, will 
be given (Tables 1 and 2). At 11.4” no 
differences were detected between the 
two groups of embryos. At 15.5° the 
New Jersey embryos were slightly ad- 
vanced at 64.3 hours but at 70 hours and 
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TABLE 1. Comparison of rate of development in New Jersey and Vermont pipiens. 
Experiment! of November 8, 1940 
q 
11.4° 15.5° 18.5° 
| 
0.0 3 3 0.0 3 3 0.0 | 3 3 
108.0 12 12 14.0 8E 8E 140 8 8 
284.0 17L 36.0 10L 10L 22.7 | 10 10 
406.3 20 20 47.0 12M 12M 36.0 | 12L 12L ; 
64.3 13 14E 42.0 | 13E 13E ; 
23.5° 70.0 14E 14E 60.3 | 16E 16E : 
90.8 16 16 70.3 | 17 17 
P 117.0 17 17 90.3 18 18 
66.3 0 117.0 | 0 20E 
13.5 10E 10E on 
15.0 10 10 
17.0 11E 11E 27.6 29.8 
22.3 12M 12M f 
36.0 15E 16E 0.0 3 3 0.0 3 3 
42.0 17E 16 13.5 10M 10M 13.3 10 10 
47.5 17 17 16.0 12E 12E 15.8 11 11L 
60.0 18 18 22.0 13L 14E 22.0 14 14 
64.3 19E 19E 36.0 | 17 17 35.7 17 17 
67.3 20 20E 42.0 | 18L | 18L 41.5 | 18 18 
47.0 | 19L | 19%L |] 47.3 20 20 
| 4.0 | 20 | 2 | | j 


' In this and in the succeeding tables the embryos are described in terms of Pollister’s Stages. 


subsequently the two groups were identi- development was very low, 4% in Ver- | 
cal. At 18.5° the Vermont embryos ap- mont and 17% in New Jersey material. 
peared to be slightly more advanced at Comparison of the normal embryos showed 
60.3 hours. No difference was detected the two groups to be identical in growth 
at any other time. At 23.5+0.2 the New _ rate, except for a possible difference at 
Jersey embryos were slightly advanced at 15.8 hours. At the two highest tempera- 
36 hours but at 42.0, 42.7, and perhaps tures used, namely 32.0° and 33.5°, all of 
67.3 hours the Vermont embryos were the embryos were killed early in develop- 
slightly ahead. At 27.6° it was again ment. 
noticed that the New Jersey embryos In a second experiment comparisons of 
formed neural folds (Stage 14) slightly Vermont and New Jersey embryos were 
earlier. At later times the degree of made at 15.3°, 185°, and 23.8°. Once 


development was identical in the two 
groups. At 29.8° the percentage normal 


TABLE 2. Percentage normal development of New 
Jersey and Vermont pipiens embryos in 
parallel experiments. Experiment 
of Nov. 8, 1940. Raw data 


again the New Jersey embryos seemed to 
undergo gastrulation and form neural 
folds slightly ahead of Vermont but 
thereafter the rate of development was 
identical. 

In a third experiment observations on 
rate were made at 16.1° +0.2°, 19.3°, 


i 21.8°, 27.6° and 31.3°. At the highest 
| 18. | 25.5° | 27.6° | 29.8° | 52.0° | 335° temperature 4 per cent of the New Jersey 
N.J. | 95| 96 192 | 02 | 17 | 0 | 0 embryos formed fairly normal tadpoles 
Vt 100 | 96 | 96 | 88 4/0 0 but all of the Vermont ones were killed. 


At the remaining temperatures the New 


| 
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Jersey embryos developed slightly more 
rapidly than those from Vermont. The 
magnitude of the difference was equal to 
that which can be expected among embryos 
from different females of the same locality. 

In a fourth experiment observations 
were made at 19.2°, 27.5°, and 31.3°. 
There was no survival at the highest tem- 
perature but at 19.2° and 27.5° develop- 
ment was normal. The New Jersey em- 
bryos exhibited their customary slight 
acceleration in gastrula stages but subse- 
quently the rates were identical. 

In addition to these four parallel experi- 
ments with Vermont, New Jersey em- 
bryos have been compared with Quebec 
(6 experiments), Louisiana (1 experi- 
ment), Ocala, Florida (3 experiments), 
and Texas (1 experiment). These will 
be referred to later. 

The data on temperature tolerance 
gathered from the various experiments 
involving eggs of New Jersey females have 
been adjusted and plotted in Figure 2. 
Some of the raw data from which this 
graph is constructed are given in Tables 
2 and 3. The data are not sufficient to 
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establish the lower limiting temperature 
but those available indicate that New Jer- 
sey embryos resemble those from Ver- 
mont and Wisconsin in this respect. Suffi- 
cient data are available to indicate that the 
behavior of New Jersey embryos at high 
temperatures is the same as for Vermont 
and Wisconsin (Fig. 2 and Table 4). 

The general conclusion to be derived 
from observations on New Jersey embryos 
is that the upper limiting temperature, 
rate of development (except for a slight 
difference during gastrulation), and per- 
haps the lower limiting temperature, are 
identical with these same features of Ver- 
mont embryos. 


c. Quebec 


The Quebec material was secured in the 
vicinity of Montreal. In general appear- 
ance the individuals from Quebec and Ver- 
mont are essentially the same. The devel- 
opment of six groups of embryos has been 
studied. Parallel experiments with New 
Jersey material, which we have seen is 
the same as Vermont, served as the basis 
of comparison. 
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Fic. 2. Per cent normal development of New Jersey 
Quebec embryos (crosses) at various temperatures. 
Data from 8 New Jersey and 4 Quebec females. 


as in Figure 1. 
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TABLE 3. Per cent normal development of Quebec and New Jersey embryos in 


parallel experiments. Raw data 


| 
Source 18.6 


12/7/40 | Quebec 97 | 93 
12/7/40 | N.J. 70 O64 
| 
12/7/40 | Quebec 67 | 78 
12/7/40 N. J. 9% | O4 
12/21/40 | Quebec 98 95 
12/21/40 | Quebec 96 96 
12/21/40 | 87 


In the first experiment the rate of de- 
velopment of Quebec and New Jersey 
embryos was identical, except during gas- 
trulation. Once again the New Jersey 
embryos reached the neural fold stage 
slightly earlier (see section on New Jer- 
sey). Observations were made at 15.4°, 
18.7°, 23.7 + 0.2°, 27.6°, and 29.7°. 

In the second experiment the same tem- 
peratures were used. The Quebec em- 
bryos were killed at 29.7° so no compari- 
son could be made with New Jersey. The 
rate of development, except for the differ- 
ence during gastrulation noted before. 
was identical with New Jersey embryos 
at 18.6°, 23.6 + 0.2°, and 27.5°. At 15.4° 
the New Jersey embryos developed slightly 
more rapidly. The magnitude of the dif- 
ference was estimated as 2 per cent. 

In the third experiment two different 
groups of Quebec and two different groups 
of New Jersey embryos were observed at 
15.4° and 18.6°. At 18.6° the four groups 
developed synchronously. At 15.4° one 
group of Quebec and one group of New 
Jersey developing at the same rate reached 
Stage 20 slightly ahead of the other Que- 
bec and New Jersey embryos. 

In the fourth experiment two groups of 
Quebec embryos were run with one group 
of New Jersey embryos at 15.6°, 187°, 
25.4°, 27.6°, 29.7°, and 31.8°. At the two 
highest temperatures development was 
not sufficiently normal to measure rate of 
development. At 27.6° and 25.4° the two 
Quebec groups differed very slightly in 
rate and the New Jersey embryos were 
intermediate. At 18.7° the New Jersev 


23.6° 25.4° 27.6° | 29.7° | 31.8° 
95 | 77 | 30 | 
55 12 2 — 
60 23 0 
99 75 5 
95 88 33 0 
76 56 2 0 
90 73 34 | 0 


embryos appeared to develop slightly more 
rapidly than either Quebec group. At 
15.6° one group from Quebec developed 
synchronously with the New Jersey em- 
bryos but slightly more rapidly than the 
other Quebec group. 

Apart from the difference in gastrula- 
tion no significance is attached to these 
minor variations in the rate of develop- 
ment. The magnitude is never greater 
than is to be expected among different 
groups of embryos from the same locality. 


TABLE 4. Mean per cent normal development for 
Vermont, Wisconsin, New Jersey, and Quebec 
embryos developing at 27.5-27.7° and 
29.7-29.8°. Adjusted data 


| 
Number | Number 
| of Percent || of | Percent 
experi- normal | experi- normal 
ments | | ments 
_|| 
27.$-27.7° 20.7-20.8° 
Vermont | 10 [854 9 | 043 
Wisconsin | 8 58 +11 @32 | 20+ 9 @25 
New Jersey | 7 68+10 226 | 4 28+10 «19 
Quebec 4 4 22+ 7 o@13 


| 64412 023 | 


The percentage normal development re- 
corded in these experiments is given in 
Table 3. The data of Table 3 were then 
adjusted and entered on the graph of 
Figure 2. In Table 4 a comparison is 
made of the percentage normal develop- 
ment in Vermont, Wisconsin, New Jersey, 
and Quebec embryos. The differences are 
not significant. It would appear that the 
response to high temperatures is the same 
in material from these four localities. No 
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TABLE 5S. Per cent normal development of Louisiana and Vermont embryos. Raw data 


Experiment Locality 19.3° 
11/5/42 La. 54 
11/5/42 Vt. 54 — — 
11/6/42 La. 96 --— 
11/11/42 La. 68 — 83 
11/11/42 La. 33 — 100 
12/15/41 La. _ 88 — 
12/15/41 La. = 78 — 
12/15/41 La. 82 


21.8°- | 23.8°- | 27.5°- | 30.1°- | 31.3°- | 33.2°- 

21.9° 24.0° 27.7° 30.2° 31.6° 33.6° 
91 95 95 89 72 0 
84 76 74 0 0 0 
— 97 99 93 32 0 
77 75 73 — 81 -~ 
97 93 92 > 91 0 
— — 64 2 
— 92 11 


observations have been made on Quebec 
embryos developing below 15° so the 
lower limiting temperature is not known. 
It is thought to be identical to that for 
Vermont embryos, namely 5°. 

The general conclusion to be derived 
from these experiments is that Rana 
pipiens embryos from Quebec, Vermont, 
Wisconsin, and New Jersey have the same 
temperature characteristics. There is no 
evidence of geographic variation in the 
adaptive characters which are under in- 
vestigation. 


d. Louisiana 


Observations have been made on em- 
bryos from eight Louisiana females. In 
two cases parallel experiments were made 
using Vermont embryos. In another case 
embryos from New Jersey and Ocala, 
Florida were available for comparison. 
In the remaining five experiments only 
Louisiana embryos were studied. 

In the first experiment begun Novem- 
ber, 5, 1942 comparing Louisiana and 
Vermont embryos observations were made 
at 6.4+0.4°, 21.9°, 24.0°, 27.7°, 30.2°, 
31.6°, and 33.6°. The percentage normal 
development is given in Table 5. Both 
groups showed more than 50 per cent nor- 
mal development at 6.4 + 0.4 ° but at the 
higher temperatures there was a marked 
difference between the Louisiana and Ver- 
mont embryos. The former are clearly 
adapted to higher temperatures. The 
rate of development was studied at two 


temperatures only (Table 6). At 21.9° 
the Louisiana embryos developed more 
rapidly and at Stage 20 showed a 9 per 
cent acceleration.* At 24.0 the Louisiana 
embryos also developed more rapidly. 
This time they showed a 6 per cent ac- 
celeration at Stage 20. 

In the experiment of November 6, 1942 
embryos from a Vermont female were 
placed at 21.9° and at 24.0° while Louisi- 
ana embryos were placed at 6.4+0.4°, 
219°, 240°, 275°, 315°, and 
33.8°. The percentage normal develop- 
ment of the Louisiana embryos is given 
in Table 5. There was no indication of 
defects due to temperature below 31.6°. 
At 31.6° there were irregularities in 
gastrulation and at 33.8° the embryos 
showed no sign of development. At 21.9° 
the Vermont embryos reached Stage 20 


2 The degree of retardation or acceleration is 
given in comparison with the rate of Vermont 
(or New Jersey or Wisconsin, both of which 
are identical to Vermont). Acceleration is 
determined as follows: 


Ve 


Retardation is determined as follows: 


Tr: is the time required by Vermont, Wis- 
consin, or New Jersey embryos to reach a 
given morphological stage. TJ: is the time re- 
quired by embryos of the locality being studied 
to reach the same stage. 
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TABLE 6. Comparison of rate of development 
in Louisiana and Vermont pipiens. 
Experiment of Nov. 5, 1942 


Hours Hours 
after La. Vt. after La. Vt. 
Stage 3 Stage 3 
21.9° 24.0° 
5.7 7 7 16.7 11L | 11E 


16.5 10M | 10M 18.0 12 11 
19.5 | 11E 19.2 12M 
22.8 12M | 12E 23.0 13 12L 
24.0 12L | 12E 24.0 14E — 
25.3 13E | 12 25.3 14E | 13 
29.5 14E | 13E 27.0 14M | 13L 
34.5 14M | 14E 29.7 14L | 14E 
38.3 16E | 14M 31.0 15 _ 
42.0 16L | 16E 32.0 16E | 14M 
46.0 17 16L 34.8 17E | 16E 
50.3 17 17E 42.0 18 17 


60.5 18 18 49.5 18 17 
68.0 19 19 59.0 20E | 19 
72.5 20E | 19 62.5 — |20E 
80.0 — | 20E 


in 79 hours compared with 72 hours 
for the Louisiana embryos. This rep- 
resents an acceleration of 9 per cent 
for the Louisiana embryos. At 24.0° the 
Louisiana embryos reached Stage 20 in 
57.8 hours. At 67 hours the Vermont em- 
bryos were in Stage 20 and it was esti- 
mated from the extent of their develop- 
ment that they must have reached this 
stage at 64.5 hours. If this correction is 
made it appears that the Louisiana em- 
bryos showed a 10 per cent acceleration. 
At 27.5° the Louisiana embryos were in 
moderately early 20 at 44.3 hours. At the 
same time the 30.1° and 31.6° embryos 
were in late 20. It was estimated, from 
the degree of development, that the 27.5° 
embryos reached Stage 20 in 43 hours and 
the 30.1° group in 39 hours. The average 
of many observations on Vermont em- 
bryos shows that the time to reach Stage 
20 at 27.5° is 52 hours. The time-temper- 
ature curve for Stage 20 becomes asymp- 
totic at 50 hours so this value can be used 
in comparing the 30.1° Louisiana data. 
With this basis of comparison the Louisi- 
ana embryos show an acceleration of 17 
per cent at 27.5° and 22 per cent at 30.1°. 


In the experiment of November 11, 
1942 embryos of two Louisiana females 
were raised at 6.3+0.5°, 19.3°, 21.8°, 
23.8°, 27.5°, 31.4°, and 33.6°. The per- 
centage normal development is given in 
Table 5. A very slight heat-injury effect 
was noted at 31.4°, the endoderm cells 
showing some signs of vacuolation. At 
33.6° the animal hemisphere cells devel- 
oped as far as the mid-blastula stage but 
the vegetal hemisphere cells were not able 
to divide. Data on rate of development to 
Stage 20 were compared with Vermont 
data of other experiments. At 19.3° the 
time required was 98.5 hours (rate equal 
to Vermont) ; at 23.8°, 58 hours were re- 
quired (10 per cent acceleration); at 
27.5°, 43.5 hours were required (16 per 
cent acceleration); at 31.4°, 39 hours 
were required (22 per cent acceleration). 

In the experiment of December 15, 1941 
the percentage normal development of 
three groups of Louisiana embryos was 
determined for 8.2+0.3°, 31.3°, and 
33.2°. The data are given in Table 5. 

Additional data on Louisiana embryos 
will be given in the section on Ocala, 
Florida. 

Summary of Louisiana experiments. 
No difference could be detected between 
Louisiana and northern embryos in their 
resistance to low temperature. At the 
lowest temperature employed, namely 6.4 
+ 0.4°, Louisiana and Vermont embryos 
can develop normally (the lower lim- 
iting temperature for Vermont embrvos 
is 5°). On the other hand the Louisiana 
embryos are definitely better adapted to 
high temperature. The northern embryos 
usually show heat injury effects at ap- 
proximately 28° — 29°. If the data on 
Louisiana embryos given in Table 5 are 
adjusted, the mean percentage normal de- 
velopment at 31.3 — 31.6° is 71 + 12, and 
at 33.2 — 33.6° itis 1O+7. On the basis 
of these data it is concluded that the tem- 
perature tolerance range for Louisiana 
embryos is 5 — 32°. 

The data comparing the rate of de- 
velopment of Louisiana and northern 
(Vermont and New Jersey) embryos have 
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been summarized in Figure 3. This graph 
was constructed as follows. The rate of 
development of Vermont or New Jersey 
embryos is taken as 0. The degree of ac- 
celeration or retardation observed in the 
Louisiana embryos is then plotted. There 
is a paucity of data below 20° but the gen- 
eral trend can be ascertained. At the 
higher temperatures the Louisiana em- 
bryos develop about 20 per cent more rap- 
idly than the northern embryos. As the 
temperature is decreased the difference in 
rate becomes less. If the curve describing 
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Fic. 3. Comparison of rate of development 
of Louisiana and northern embryos (Vermont 
and New Jersey). The interval studied was 
the time between Stages 3 and 20. Values for 
the northern embryos, labelled at “Vt.,” are 
taken as 0. Data for Louisiana are expressed 
as per cent retardation or acceleration. Data 
from 5 Louisiana females are represented by 
black dots. 
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these data represents the average condi- 
tion we would expect the rate of the two 
types of embryos to be identical at 17° and 
the Vermont embryos to be more rapid at 
lower temperatures. This assumption can- 
not be corroborated by the data presented 
since so few observations were made be- 
low 20°. However, other southern em- 
bryos, for which data will be presented, do 
have the type of development shown by 
the line of the graph so it is probable that 
the conclusion is essentially correct. 

It is clear that Louisiana embryos are 
adapted differently to temperature than 
are the northern races already described. 


e. Ocala, Florida 


Eggs from nine Ocala, Florida females 
have been studied. In one case eggs from 
New Jersey were compared with those 
from Florida. In three cases both New 
Jersey and Vermont material was avail- 
able for comparison. In still another ex- 
periment embryos from Ocala, Texas, and 
Vermont were compared. In the remain- 
ing four experiments only Ocala material 
was aveilable. 

The experiment of November 26, 1942 
was carried out using material from 
Ocala, Louisiana, and New Jersey. Data 
on rate of development are given in 
Table 8. At 14.6° the Louisiana embryos 


Per cent normal development of Florida (Ocala), Louisiana, 
New Jersey and Vermont embryos. 


Raw data 


12/17/41 Ocala — — — — — — — 90 93 66 18 
12/17/41 Ocala 0 — — 88 96 94 69 
12/26/42 Ocala - - 66 — 72 — S4 90 — 90 0 
12/26/42 La. —- —— 100 — 83 — 84 18 — 0 0 
12/26/42 N. J. — — 94 — 94 —_ 96 41 — 0 0 
12/10/42 Ocala — — — 62 86 63 — 73 — 56 4 
12/10/42 Vt. — — — 100 90 92 — 88 — 0 0 
12/10/42 N. J — _— — 89 92 82 — 74 — 4 — 
12/23/42 Ocala 0 92 — 80 — 71 
12/23/42 Ocala 0 94 - 90 76 
12/23/42 | N.J. | 33 | | — 
12/23/42 Vt. | 24 | 68 | | 71 
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TABLE 8. Comparison of rate of development in Florida (Ocala), Loutsiana and A 
New Jersey pipiens. Experiment of November 26, 1942 ; 
Ocala La. N. J. Ocala La N. J. 
14.6° 19.1° 
| | ! 1 
18.5 8 8 8 14.5 9 = 
28.3 9 9 9 17.0 9 9 9 } 
37.5 LOE 10k 10E 19.3 101 10E 10OE 
47.4 12E 12h 12E 22.0 101 10M 10 
59.0 13 13 24.5 125 12E 11 
69.0 13L. 131 27.0 12 12 12E 
74.3 14E 141 14E 32.3 13 13 
94.5 14L 141 14L 35.7 13L 13L 13E 
100.5 14L 16k 16k 38.0 ME 
107.7 16E 16 16 40.5 14E 
117.8 17E 17 17 5.5 14M 14M | 14M : 
139.0 17 18E 17 48.0 141 14L 14L } 
141.0 17 18E 18k 50.3 16E 16E | I4L 4 
145.0 52.5 16E 16E 16E 
162.7 18 18 i8 55.7 16L 16L | 16 
172.3 18 19 18 $8.3 I7E 7 | | 
186.5 19L. 19L. 64.0 | 17 
190.0 20E 19 68.0 17 18 
192.0 20E 73.8 18 18 
202.0 20F 83.0 18. 19 | 18 
92.7 19 9 
ge 95.3 19 200E | 19 
98.3 20E 19 
11.0 11 10E 10F. 
13.0 12 12E 11 
14.0 13 12 12E 23.8 
16.7 13L 13 12M 
19.0 14E 13L. 13E 11.0 10F 9 9 
21.3 14M 14E 13.3 105 10E 
23.0 16E 141 14M 17.0 125 12E |) WIL 
24.0 16 15 141. 19.0 121 12M 12E 
26.5 17E 16k 16E 21.5 13 13L 12L 
28.7 17 17 16 23.0 14E 13L 13 
32.0 is 17 24.0 14E 4E 
35.0 18 18 17 26.8 14M 14 | 14E 
37.7 19 181 18 29.6 14L 14L 14E 
40.0 19 19 18 32.0 16M 16E 14L 
42.0 20E 19L is 35.5 17E 16L 16E 
45.0 20M 20 19 38.0 17 17 16L 
49.6 20 40.3 17 17 | 47 
42.5 18 is 17 
31.5° 45.3 18 18 17 
48.0 | 18 18 i8 
10.5 12M | 9 | n | _ | 19E | 19E 18 
11.3 | 12 dead dead | 9 1s 
55.5 | 19 19 
sane | 37.7 2E 19L — 
| 58.7  20E 19 
18.7 16E | 63.5 | 20E 
22.7 | 17 
26.3 
31.7 19 } | 
36.0 20E | | | 
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developed at essentially the same rate as 
New Jersey. Both were more rapid than 
Ocala. At 19.1° the Louisiana embryos 
showed a 5 per cent acceleration and the 
Ocala embryos a 2 per cent acceleration 
compared to New Jersey in the interval 
between Stages 3 and 20. At 23.8° the 
Ocala embryos are the most rapid in their 
developement. They show a 13 per cent 
acceleration and the Louisiana material 8 
per cent compared to New Jersey. The 
highest temperature at which all groups 
developed was 27.5°. At this point the 
per cent acceleration in Ocala and Louisi- 
ana material was 15 and 9 respectively. 
At 31.5 hours the Ocala embryos reached 
Stage 20 in 36 hours. The New Jersey 
embryos were killed, so it is not possible to 
make a direct comparison of rate. How- 
ever, since the time-temperature curve 
for New Jersey embryos becomes asymp- 
totic at 50 hours we can use this value 
as the minimum time required between 
Stages 3 and 20 for the New Jersey em- 
bryos. Compared with this value, the 
Ocala embryos show a 27 per cent acceler- 
ation. The per cent normal development 
for these embryos is given in Table 7. 

In an experiment begun December 10, 
1942 embryos from Ocala, New Jersey, 
and Vermont were compared. To econo- 
mize on space the New Jersey data will 
not be given. Eggs of the Ocala and Ver- 
mont females were fertilized twice. The 
second fertilizations were made ten hours 
after the first. This device allows one to 
secure more complete data. Data secured 
from the second group are marked by an 
asterisk in Table 9. The results confirm 
those of the previous experiment. At 
16.1° the Vermont embryos develop 
more rapidly. At 19.3° the two groups 
are about the same. With increasing tem- 


’ peratures the Ocala embryos show a pro- 


gressive acceleration. 

Summary of Ocala, Florida experi- 
ments. From the data of Tables 7 and 
from other experiments it is concluded 
that the normal temperature range is 9 — 
33°. At 5.4+0.2° (two experiments), 
6.8+0.2°, and 83+ 0.2° the embryos 


were not able to gastrulate. At 9.9° 
there was no evidence of cold injury dur- 
ing the first 171 hours of development (ex- 
periment terminated at this time). At 
the higher temperatures normal develop- 
ment occurs at 31.3° (three experiments), 
31.4°, 31.5°, and 31.6°. In two experi- 
ments at 33.0° the per cent normality was 
18 and 69. At 33.7° and 33.5° the per 
cent normality was 4 and 0 respectively. 
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Fic. 4. Comparison of rates of development 
of Ocala, Florida and northern embryos (Ver- 
mont and New Jersey). The interval studied 
was the time between Stages 3 and 20. The 
values for northern embryos, labelled as “Vt.,” 
are taken as 0. Data for Ocala are expressed 
as per cent retardation or acceleration. Data 
from 3 Ocala females are represented by black 
dots. 


The data on rate of development are 
summarized in Figure 4. At temperatures 
below 18° Ocala, Florida embryos de- 
velop more slowly than those from Ver- 
mont. At temperatures above 18° this 
relationship is reversed. 


f. Englewood, Florida 


Ocala, the locality from which ma- 
terial has just been described, is in the 
central part of Florida. Englewood is in 
the extreme southwest portion of the 
state. Embryos from two females have 
been studied. In both cases a comparison 
was made with Vermont material. 

In the first experiment the following 
temperatures were used : 3.9 + 0.3°, 4.8 + 
Os", 135°, 7°, OS 
+0.4° and 32.7°. The embryos were 
kept at the three lower temperatures for 
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TABLE 9. Comparison of rate of development in Florida (Ocala) and Vermont pipiens. 
Experiment of December 10, 1942. “Abn.” signifies abnormal 


16.1 + 0.2° 21.8° 27.6° 
*35.5 10E 10E *12.0 9 9 8.5 10E 8 
45.5 12E 12E *14.8 9L 9L *11.5 12E 9L 
70.0 14E 14E *16.5 10E 10E *13.0 12E 10E 
*85.0 14L 15 21.5 12M 12E *14.5 12M 11 
95.0 16E | 16 24.5 13 12 *16.5 13 12E 
*115.0 17 17 26.5 13L 12M *18.3 14E 12M 
125.0 8 | 18 | 28.3 13L 12L 21.3 14M 13L 
140.5 18 is 31.5 14E 13M 23.0 15 14E 
*156.0 19 20E *34.8 14M 14E 24.5 16E 14E 
166.0 20E | —(20E *37.0 14L 14E 26.4 17E 14M 
| |} *41.5 16E ML 28.0 17 15 
19.3° 1 44.5 17E 16E | 31.5 17 16L 
47.0 17 16L 33.0 18 17E 
*22.0 10E 10E 60.5 41. 
| *60.5 18 18 *41.3 19L 18 
: 70.0 19L 18 44.3 20 
26.706) 12E 11 73.5 20E | 19E 51.0 — | 20E 
32.0 | 12L 12M 73.5 20E 
*35.0 13E 
*37.3 13 BE 
*42.0 14E 13L 33.7 
45.0 14M 14E 8.5 10M | 9abn. 
47.0 14M 14E 8.3 10 dead *11.0 12E 9 abn. 
51.8 15 14L 21.0 16 *13.0 13M — 
55.7 16 16E 22.5 17E 14.5 14E —_ 
*60.8 17E | 16L 24.0 17 18.0 14L — 
70.8 17L 17 26.0 17 21.3 16L dead 
*84.5 18 18 28.0 i8 22.7 17 
94.5 19 19 31.0 19 26.0 18 
98.0 20E 19 33.0 19 31.0 19 
100.8 _ 20E 46.5 20L *34.0 19L 
*36.0 20E 


9 days and then transferred to room tem- 
perature. The Englewood, Florida em- 
bryos were killed at the three lower tem- 
peratures. At 3.9+0.3° the Vermont 
material was killed; at 4.8 + 0.2° cleav- 
age was irregular in the vegetal hemi- 
sphere but, apart from this, development 
was nearly normal; at 5.7 + 0.2° devel- 
opment was entirely normal. 

At 15.3° development was normal ig 
both groups and slightly faster in those 
from the south (Table 10). The Florida 
embryos were first noted in Stage 20 at 
163.5 hours. At this time the Vermont 
embryos were very late 19. Their gills 


were almost as well developed as in the 
Florida group but corpuscles were not 
moving through them. The exact time 
this group of Vermont embryos reached 
Stage 20 was not determined but in other 
experiments it has been 168 hours. On 
this basis the Florida embryos show an 
acceleration of 3 per cent. 

With increasing temperatures the Flor- 
ida embryos show an increased accelera- 
tion compared to Vermont. At 29.6° and 
32.7° development was normal in Florida 
but impossible in the Vermont group. 
This being the case the per cent accelera- 
tion for Florida must be computed in 
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TABLE 10. Comparison of rate of development in Florida (Englewood) and Vermont embryos. 
Experiment of January 20, 1939. Figures in parentheses are from other 
experiments and are included for comparison 


Fla. Vt. Vt. | vt 
15.3° 19.7° 24.1° 
20.0 8 8 17.3 10 9 | 17.3 12 10 
28.3 9 9 20.0 11 %L || 20.0 13 11 
37.3 11 10 21.0 11 9 | 24.0 14E 12 
44.0 12 10L || 12 10 28.3 14 13 
54.3 13E 12 26.0 12 10 «|| 30.5 16E 13L 
68.5 14E 13E 28.3 13E iL | 44.0 18 17 
76.5 14 14E | 30.5 13 12 || 48.3 18 17 
79.0 14 4 37.0 14E 12 | 54.0 | 19L |; 18 
89.0 15 is | 44.3 14 4E || 565 | 20 - 
97.8 16 16 | 48.3 16 14 (62.0) | (20) 
103.0 17 17 || 54.5 16 16 | 
116.3 17 17 «66.5 17 17 || 
126.0 18 18 76.5 18 
139.8 18 18 89.0 20 is a | 
150.5 18 18 102.5 — | 20 | 173 14 | dead 
163.5 20E | 19L | ig} 
aa 28.0 18 | 
17.3 14 10 30.6 | 
| 20.0 16 37.0 20M 
| 24.0 6L | 12) 
25.8 17 dead | 
28.0 18 
30.3 18 | | 
37.0 20 


terms of a value of 50 hours for Vermont. 
As explained before, the time-temperature 
curve for Vermont becomes asymptotic to 
this time. The percentage acceleration at 
29.6° is 26. At 32.7° the percentage is 
slightly greater. 

In the second experiment a comparison 
was again made of Englewood, Florida 
and Vermont embryos. The temperatures 
employed were 10.3°, 12.1°, 15.2°, 19.4°, 
24.1°, 30.0°, and 34.5°. At 10.3° more 
than half of the Florida embryos were so 
injured by the low temperature that they 
died as neurulae. The few that developed 
normally showed a 23 per cent retardation 
(Table 11). At 12.1° development was 
normal in both groups. Again the Florida 
embryos developed more slowly. At 15.2° 
the rate in the Vermont and Florida 
groups was identical. At all higher tem- 


peratures the latter developed more rap- 
idly. At 30.0° neither group was ad- 
versely affected (an unusually high 
temperature for normal development in 
Vermont material). At 34.5° the Vermont 
embryos died after several cleavages but 
the Florida embryos were normal. This 
is the highest temperature at which I have 
obtained normal development in Rana 
pipiens or in any other species of am- 
phibian. 

Summary of Englewood, Florida data. 
Normal development does not occur at 
3.9°, 4.8°, 5.7° and 10.3°, but develop- 
ment is normal at 12.1° and up to and in- 
cluding 34.5°. Higher temperatures have 
not been employed so the limit cannot be 
definitely stated. Tentatively the normal 
temperature range can be placed as 11- 
35°. A comparison of rate of development 
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of Englewood, Florida and Vermont em- 
bryos is given in Figure 5. At tempera- 
tures below 15° the Vermont embryos de- 
velop more rapidly than those from Flor- 
ida. Above 15° this relation is reversed. 


g. Texas 


Experiments have been conducted with 
four females from western Texas. In two 
cases a comparison was made between 
Texas and Wisconsin embryos, in an- 


other case between Texas and New Jersey, 
and in the last experiment Vermont, 
Ocala, and Texas were used. The results 
will be given in some detail for one of the 
Wisconsin with Texas experiments and 
also for the Vermont, Florida, and Texas 
experiment. The results of the other 
will be mentioned briefly. 

In the first experiment comparing Texas 
and Wisconsin (embryos from two Wis- 
consin females were used) the following 


TABLE 11. Comparison of rate of development in Florida (Englewood) and Vermont embryos. 


Experiment of February 10, 1939. Figures in parentheses are from other 


experiments and are included for comparison 


| | | 
Mages Fla | ove | Fla. | Vt. | Vt. 
10.3° | 12.1° | 15.2° 
| 
no | 9 | ox | ars 7 | 7 | ane 5 8 
925 | 10M | 10M | 315 8 | 8 | 263 9L 8 
106.5 | 11M | WIE 49.0 9 9 | 32.0 10 10 
120.0 | 12L | 12M | 57.5 WE  110E | 49.0 12L 12E 
129.0 2 | 12 | 69.8 ML | ME | 37.0 13 12M 
140.5 | | 12) «| 75.3 12 | || 69.5 14E 14E 
| 13 | BE || 818 12L 12E 81.7 14L 14M 
1788 | 13 | 13L | 920 | | 2M 920 | tom | 16E 
199.5 | — 4 990 | 13 12 || 99.0 17E 16L 
215.0 | ML | 15 106.5 13 12L || 106.7 17 17 
237.8 15 16 120.0 | ME || 119.7 17 18 
273.5 | 16 | 17 153.8 125.0 18 18 
292.5 17 17E 165.3 16 16 153.5 | 18 18 
321.5 17 | 18 =|} 178.2 16 17 165.5 19 19 
394.0 18h || 1908 | I7E 17 178.5 20 20 
417.0 18 18L 215.0 17 17 
441.0 18 | 18L |} 224.5 17 18 30.0° 
465.0 | 237.5 18 18. 
489.5 18 19 274.0 18 18 
513.5 — | 20E | 287.5 18 19 21.5 16 14E 
600 i9 | — || 316.0 18 19 26.0 18 16 
634 20E | — 321.0 18 20E $2.0 19 17 
| 335.0 19 _ 34.0 19 ae 
35.3 20 
330 | 20 | — || Goo | — | 
27.0 | ME 24.1 
32.0 13 12 
49.0 16E | 14 21.5 ME | 12 21.5 16, | dead 
57.0 17 16L 26.0 14 13 25.0 17L 
69.8 18 17 32.0 16 14 27.3 18 
75.0 18 18 49.0 19 18 31.7 19 
81.5 18L 18 57.0 20 19 34.0 19L 
92.0 19L | 19 (63.0) — | (20) 35.3 20 
96.5 20 19L 
99.0 = 20E | 
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TEMPERATURE 
Fic. 5. Comparison of rates of development 
of Englewood (Florida) and Vermont embryos. 
The intcrval studied was the time between 
Stages 3 and 20. The values for the Vermont 
embryos are taken as 0. Data for Englewood, 
Florida are expressed as per cent retardation 


or acceleration. Two Englewood females were 
used (black dots). 


temperatures were used: 86°, 10.1°, 
19.2°, 22.6°, 27.2° and 31.6°. At 8.6° 


the Texas eggs developed as far as neuru- 
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lae and died. Both groups of Wisconsin 
embryos developed fairly normally. The 
usual low temperature effects such as 
small gills, long narrow body, and tend- 
ency to edema were observed. At 10.1° 
both Wisconsin groups were entirely nor- 
mal. Rate data are given in Table 12. 
Development in the Texas embryos was 
slower than in Wisconsin but nearly nor- 
mal until Stage 14. At this point the em- 
bryos appeared to be blocked in their 
differentiation. They remained in Stage 
14 for 103 hours, which is about three 
times as long as the Wisconsin embryos. 
Fifty-two per cent of the Texas embryos 
cytolized in Stage 14. Subsequent to this 
critical stage development improved and 
cytolysis was less frequent. The per cent 
retardation at Stage 18 was 39 and at 
Stage 19 it was 64. The increased re- 


TABLE 12. Comparison of rate of development in Texas and Wisconsin embryos. 
Experiment of October 11, 1944 


Texas Wis. Texas Wis. Texas | Wis. 
10.1° 19.2° 22.6° 
15.5 7E 7 16.0 9 9 16.0 | 10E 10E 
41.0 8 8 18.5 9L 9L 18.3 LIL 11E 
71.7 9 9 20.0 10E 10E 20.0 12E 11L 
90.5 9 10 23.0 10M 10M 22.5 12L 12L 
103.0 10E 11E 27.5 11L 11L 27.0 13 13L 
118.5 10L 12E 40.5 13 13 40.0 16E 16E 
171.0 12M 13L 42.7 14E 14E 45.3 17 17 
196.0 13 14E 44.7 14E 14E 50.5 17 17 
209.0 14E 14M 47.0 14 14M 64.3 19 19 
219.0 14E 14L 51.0 14M 16E 70.0 | 191 20E 
234.0 14E 15 52.8 14L 16E 72.0 | 20E ia 
257.3 14E 16L 65.0 17E 17 — 
268.7 - 17 71.3 17 18 31.6° 
287.7 14M 17 78.0 18 ae 
312.0 14L 17 90.0 18 19E 
336.3 16E 17 99.5 19 20E 15.3 13 i 
384.0 17 18 105.3 20E uae 18.0 14M 12 
407.7 17 18 20.0 14L ane 
454.0 17 19E 272° 22.0 16 14M 
474.3 a 19 " 27.0 17 16 
485.3 —_ 20E 40.0 19L 18 
533.3 18 = 15.3 13 12E 42.5 20 a 
744 5 19 18.0 13L 13E 50.0 20E 
20.0 14E 13 
23.0 14M 14E 
27.0 16E 16E | 
40.0 18 18 
50.5 20M 20E 
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tardation is associated with increased ab- 
normality of development. Thirty-six 
per cent of the embryos survived to Stage 
18. The gill plate remained poorly de- 
veloped and gills never formed (hence 
Stage 20 was not reached). In spite of 
this the operculum showed partial de- 
velopment. One embryo survived 104 
days but it never developed gills. The 
eyes were very small. At 19.2° and 
22.6°, which were normal temperatures 
for all groups, the Wisconsin embryos 
reached Stage 20 somewhat sooner than 
those from Florida. At 27.2° one of the 
Wisconsin groups exhibited a slight tem- 
perature injury but the other embryos 
were normal. At this temperature the 
Texas embryos showed an acceleration, 
amounting to approximately 13 per cent. 
At 31.6° development was entirely norma] 
in Texas. In one of the Wisconsin groups 
the vegetal hemisphere exhibited heat in- 
jury in cleavage and blastula stages. In 
spite of this 11 per cent formed surpris- 
ingly good larvae and a single embryo 
(1 per cent) even reached Stage 20. If 
the rate of this embryo is taken as the 
rate of Wisconsin embryos, those from 
Texas showed an acceleration of 18 per 
cent. The other group of Wisconsin em- 
bryos died before gastrulation—the re- 
sult to be expected in northern embryos 
developing above 30°. 

In the second experiment Texas em- 
bryos were placed at 8.5°, 10.1°, 19.2°, 
22.5°, 27.2°, and 32.3°. At 85° the 
Texas embryos died in the neurula stage. 
At 10.1° they began dying in Stage 17. 
The ectoderm was wrinkled and cytolysis 
was frequent in the region of the yolk 
plug. Sixty-four per cent were dead by 
the end of Stage 18. Seven per cent of 
the embryos lived until they were pre- 
served on the 85th day. They never de- 
veloped gills, the mouth failed to form 
and they showed severe edema. Devel- 
opment was normal at all higher tempera- 
tures except 32.3°. Here the vegetal 


hemisphere cells exhibited injury in cleav- 
age and blastula stages. No normal em- 
bryos were produced. 


In the third experiment Texas (one 
group) and New Jersey (2 groups) em- 
bryos were compared. The temperatures 
employed were 6.6°, 9.8°, 14.2°, 19.0°, 
27.3°, and 32.5°. At 6.6° the Texas em- 
bryos died before gastrulation. One of 
the New Jersey groups developed nor- 
mally but the other cytolized in Stages 18 
and 19. At all higher temperatures up 
to and including 27.3° development was 
normal in the three groups of embryos. 
At 32.5° cleavage was impossible in the 
New Jersey material. There was no evi- 
dence of abnormality in the Texas em- 
bryos. 

In the fourth experiment material from 
Texas, Florida (Ocala) (2 groups), and 
Vermont was compared. The following 
temperatures were employed: 6.8 + 0.2°, 
9.9°, 14.3°, 19.0°, 23.2°, 29.7°, and 31.6°. 
At 6.8+0.2° development was normal 
in the Vermont embryos but those from 
Texas and Florida died as gastrulae. At 
9.9° the embryos were observed for 171 
hours after first cleavage. At this point 
mechanical failure of the constant tempera- 
ture bath terminated the experiment. 
There was no evidence of cold injury in 
any group during the limited period of 
observation. Some indication of the rela- 
tive rates of development can be gained 
irom the following observation. At 92.5 
hours the Vermont embryos were in Stage 
10M, Florida 10E, and Texas 9. At 171 
hours the Vermont embryos were 13L, 
Florida 13, and Texas 12. From these 
limited data it was estimated that the 
Florida embryos were retarded 14 per 
cent and those from Texas 30 per cent. 
At 14.3° development was normal in all 
groups and those from Vermont developed 
most rapidly, those from Florida were 
next and Texas was the most retarded 
(Table 13). At higher temperatures the 
southern embryos increased their rate 
relative to Vermont. At 19.0° and above 
Florida surpassed Vermont. At 29.7° the 
Texas embryos developed more rapidly 
than Vermont. This latter temperature 
is unusually high for Vermont material 
yet the embryos from all groups were 
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TABLE 13. Comparison of rate of development in Texas, Florida (Ocala), and Vermont pipiens. 
Experiment of October 27, 1945 
aoe Vt. Texas | Ocala “ae Vt Texas | Ocala 
14.3° 19.0° 
] ad 
51.3 2E | WE | 12E 20.3 
67.5 13 | | 13 25.7 11E NE 12E 
127.0 17M | 16E | 44.7 14E 
150.0 18 17 | 18 49.0 14M GE | 14M 
171.0 18 18 | 18 67.3 17M | 17E | 17M 
195.3 19 18 / 18 73.3 18E — | 18 
212.3 20E 19L 98.0 19 20E 
219.5 — | 9 101.0 20E 
24220 — | | — 115.0 20E | — 
23.2° 29.7° 
8.0 7 7 7 7.7 8 8 | 8 
20.0 12E 12 13E 20.0 13 13  16E 
26.3 13L 25.0 15 16 17 
44.0 17M 17M | 17M 31.0 17E |) «(17 18 
51.0 18 18 | 18 4.0 | 19L | 19L | 20L 
56.0 18 18 | 19 465 | WE | 2 | -- 
67.0 20 19 | 20M | | 
69.7 — 20E | — | 
normal. At 31.6° the Texas and one No Vermont material was placed at this 


group of Florida embryos were normal 
(the other Florida group was killed). 
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% DIFFERENCE IN RATE 


5 10 15% 20 25 30 
TEMPERATURE 


Fic. 6. Comparison of rates of development 
of Texas and northern embryos (Wisconsin, 
Vermont, and New Jersey). The interval stud- 
ied was the time between Stages 3 and 20. The 
values for the northern embryos, labelled as 
“Vt..” are taken as 0. Data for Texas are ex- 
pressed as per cent retardation or acceleration. 
Embryos from 4 Texas females were used 
(black dots). 


temperature. 

Summary of Texas experiments. At 
6.6° and 6.8° the embryos do not develop 
beyond the gastrula stage. At 8.5° they 
develop only as far as neurulae. At 9.8° 
development was normal but in another 
experiment at 10.1° it was abnormal. 
Therefore the lower limiting temperature 
is about 10° C. The upper limiting tem- 
perature is in the neighborhood of 32°. 
Normal development has been observed at 
31.6° (2 experiments) and at 32.5°. In 
another experiment at 32.3° no normal 
embryos were secured. With respect to 
developmental rate the Vermont embryos 
are more rapid below 26° and those from 
Texas more rapid above this tempera- 
ture (Fig. 6). 


h. Axtla, Mexico 


Embryos from a single female, col- 
lected along the Rio Axtla near the town 
of Axtla in San Luis Potosi, were com- 
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pared with Vermont material. The tem- On the basis of this one experiment a) 
peratures employed were: 9.9°, 12.0°, the normal temperature range for Axtla, 7 
14.2°, 19.2°, 27.5°, 29.8°, and 33.3°.. At Mexico embryos is placed at 12 — 33°. 
9.9° the Axtla embryos cytolized during [In Figure 7 a comparison is made between- 
gastrulation but those from Vermont were the rate of development of the Axtla and ; 
normal. At 12.0° observations were made Vermont embryos. ‘a 
during the first 99 hours. At this time re 
mechanical failure of the constant tem- } 
perature bath terminated the experiment. 
There was no evidence of cold injury dur- e Po > 
ing the period of observation. The Axtla 
embryos showed a retardation of 24 per 
cent. Data on rate of development at 5 ° _ 4 
higher temperatures are given in Table 14. ts H 
At 14.2° and 19.2° the embryos were 
normal and those from Vermont devel- x | 


oped more rapidly. At 27.5° there was 
some heat injury in Vermont but none in 
the Axtla material. The Axtla embryos 
were more rapid in their development. At 
29.8° about half the Vermont embryos 
were killed and at 33.3° no development 
took place. The Axtla embryos were nor- 


TEMPERATURE 


Fic. 7. Comparison of rate of development 
ot Mexico (Axtla) and Vermont embryos. 
The interval studied was the time between 
Stages 3 and 20. The values for the Vermont 
embryos are taken as 0. Data for Mexico 
(black dots) are expressed as per cent retarda- 


mal at 29.8° but at 33.3° only 9 per cent tion or acceleration. Embryos from a single : 

reached Stage 20. Mexican female were used. f 

TABLE 14. Comparison of rate of development in Mexico (Axtla) and Vermont pipiens. 2 
Experiment of October 3, 1946 - 

| T 4 

Vt. | Mex. | Vt. Mex. | Vt. Mex. 

22 | 9 | 9 19.5 10E WE | 00 | 9 | 10E ; 

46.0 | 11 | 10E 23.0 10L WE | 195 | 13 | 14E 
$0.3 | | 25.0 11 | 10M || 23.0 | 14L 
70.0 13 12 || 31.5 12L 12M || 24.7 | 14M | 16 r 
80.0 | ME | 13 | 45.0 4M | 14 285) | 16L 17E 

9.0 | 4L | ME | 50.0 | | 310 | 17 
117.0) 17 | 57.5 | 16L | 16E 43.3 | 18 | 19L 4 
141.5 18 17E | 69.5 17 +} 17 | 465 | 19 | 20 ty 

169.5 18 || 79.0 8 | 18 || sso | 20E | ; 

189.3 19 is | 93.5 | 19 | 19 FU | 

218.0 20 || 985 | 20E | 19L | 

225.0 20E 102.0 — | | 


| 

| 20 | — 6 

29.8 | | 4.3 | dead | 8 | 
| | o8 | 10 | 
10.0 9 10E | | 19.3 | 14 4 
19.5 13 14M | | | 280 | 17 | 
28.3 16 17E | 31.0 17 
31.0 17 17 | | 43.5 20M y 
43.0 19 20L | | . 
49.0 20 me | | | | 
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i. Summary of data on temperature 
tolerance 


The normal temperature tolerance 
ranges for Rana pipiens embryos from 
different parts of North America are 
given in Figure 8. The four northern lo- 
calities, lying between 40° and 46° north 
latitude, are identical in their upper lim- 
iting temperatures and probably in the 
lower limit as well. Embryos from Flor- 
ida, Texas, and Mexico have very differ- 
ent temperature requirements. The range 
over which normal development is possible 
has been shifted upwards about 5° C. 
Louisiana embryos are interesting in be- 
ing able to tolerate temperatures as low 
as the northern group and as high as 
those from Florida, Texas, and Mexico. 
The general conclusion to be drawn from 
the data is that the southern populations 
of Rana pipiens differ from northern pop- 
ulations in the same way that southern 
species differ from northern _ species. 


found that the former develop more rap- 
idly at low temperatures. With increas- 
ing temperature the differences become 
less until at the higher temperatures the 
southern species may develop more rap- 
idly. 

No differences were detected in the 
rate of development among pipiens from 
Quebec, Vermont, Wisconsin, and New 
Jersey. However the developmental rate 
of southern pipiens was different from the 
northern pipiens. At low temperatures 
the former were slower. In every case, 
however, those from the south developed 
more rapidly at high temperatures. These 
facts are brought out in Table 15 where a 


TABLE 15. Hours required to reach Slage 20 
by Rana pipiens embryos from different localities 
at 12° and 28° C. The values for Vermont are 
averages from many experiments. The values 
for the other localities are computed from the 
curves of figures 3-7. 


Adaptation to different environments has 12° 28° 
obviously occurred. Aa 325 50 
Summary of data on rate of development 
When the rates of development of north- Florida (Englewood) 364 38 
ern and southern species of frogs are com- 
pared (Moore, ’42a, p. 382, Fig. 2) it is 
LATITUDE LOCALITY 
45 VERMONT 
44 -- WISCONSIN 
40 NEW JERSEY 
30 LOUISIANA 
29 OCALA, FLA. 
27 ENGL. FLA. 
32 TEXAS 
22 MEXICO 


0 5 15 20 


25 30 35 40°C. 


EMBRYONIC TEMPERATURE RANGE 


Fic. 8. Temperature range for normal development of Rana pipiens from different 
localities. The lower limit for Quebec and Wisconsin has not been determined but it 


is believed to be identical with Vermont. 
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comparison is made of the time to reach 
Stage 20 at 12° and 28°. The lower tem- 
perature may be taken as the average en- 
vironmental temperature when pipiens 
eggs are laid in the New England region. 
The higher temperature, namely 28°, is 
the average upper limit for normal devel- 
opment in northern embryos. Thus we 
find southern populations of Rana pipiens 
behaving like southern species when their 
rate of development is considered. 


2. TEMPERATURE COEFFICIENT OF 
DEVELOPMENT 


A further difference between northern 
and southern species is seen in the ex- 
tent to which an increase or decrease in 
temperature modifies the rate of develop- 
ment. Thus, if we study the rate of de- 
velopment at 12° and then at 22° we find 
that this increase of 10° results in a 
greater increase in rate for southern spe- 
cies than for northern species (Moore, 
1939, 1942c). In short the tempera- 
ture coefficient for development is greater 
in the former. In previous papers I 
have used Belehradek’s temperature co- 
efficient b in comparing species. Neither 
this nor any other temperature coefficient 
that I have employed has proved entirely 
satisfactory. At this time I do not wish to 
compare northern and southern pipiens in 
terms of any particular temperature co- 
efficient. The slopes of the lines in Fig- 
ures 3-7 are sufficient to provide informa- 
tion of the sort needed. In these figures 
the rate of development for northern em- 
bryos is represented by a horizontal line. 
It can readily be seen that the temperature 
coefficient is greater in the southern pop- 
ulations than in northern because the line 
expressing their development has a posi- 
tive slope (if this line for southern popu- 
lations had a negative slope it would indi- 
cate a smaller temperature coefficient ; 
if the lines were parallel the temperature 
coefficient would be the same). There is 
some indication of differences in slope for 
the southern populations. The angles 
formed with the Vermont base are as fol- 


lows: Louisiana, 21° ; Ocala, Florida, 21° ; 
Englewood, Florida, 30°; Texas, 30°; 
Mexico, 30°. It would appear that the 
Louisiana and Ocala, Florida populations 
are less adapted to high temperatures with 
respect to their temperature coefficient 
than are those from Englewood, Florida, 
Texas, and Mexico. 

With respect to temperature coefficient 
of development we may draw the general 
conclusion that southern populations of 
Rana pipiens differ from northern popu- 
lations of this species in the same way that 
southern species differ from northern 


species. 
3. Eco Size 


In respect to egg size, southern species 
differ from northern species in having 
smaller eggs (Moore 1942a). This char- 
acter was investigated in the Rana pipiens 
populations and a summary of the data 
is given in Table 16. There is not com- 
plete correspondence to what might have 
been predicted from a comparison of dif- 
ferent species. Egg diameter in the four 
northern populations is large (1.76—1.80 
mm.) compared to material from Louisi- 
ana, Florida, and Texas (1.32-1.61 mm.). 
However the mean for the two Mexican 
samples is the highest so far observed for 
pipiens. If the value for Mexico is reli- 
able, it would be of great interest to know 
the selective forces promoting large egg 
size in this locality that apparently counter- 
act the selective action of high environ- 
mental temperature. 


4. Type or Ecc Mass 


The last character that will be consid- 
ered is the type of egg mass. In the New 
York region Rana pipiens, Rana sylvatica, 
and Rana palustris are early breeding, 
northern species and have a globular sub- 
merged egg mass. Rana clamitans and 
Rana catesbeiana, which are late breeding 
species with a more southern type of dis- 
tribution, lay their eggs in a single layer 
on the surface of the water (Moore, 1940). 

I have only limited data on geographic 
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TABLE 16. Variation in egg size. The diameter of ten uncleaved fertilized eggs from each 
female was measured. Measurements in millimeters 

Locality Mean of sample means 
Quebec 4 1.80+ .05  of.10 1.62-1.86 
Vermont 11 177+ .03 «0.10 1.55-1.95 
Wisconsin 2 1.76 + .04 40.05 1.70-1.81 
New Jersey 9 177+ .04 40.12 | 1.63—1.97 
Louisiana | 13 1.60 + .02 40.06 1.51-1.68 
Florida (Ocala) | 10 | 1.43 4.02 0.07 1.33-1.58 
Florida (Englewood) | 2 | 1.32+.02 «0.08 1.24-1.40 
Texas 4 | 1.61 + .04 «0.08 1.52-1.72 
Mexico 2 | 2.00 + .03 «0.04 1.96—2.04 


variation of egg mass in Rana pipiens.* 
In the New York area it has a submerged 
globular mass. The only other locality 
where I have observed the spawn of this 
species is near San Pedro, Coahuila, Mex- 
ico. In this instance the eggs were de- 
posited in a very different manner from 
those in the north. Instead of a single 
large mass, there were many small masses 
with a few embryos in each. This con- 
dition would be an obvious advantage in 
gaseous exchange at high temperatures 
(the water surrounding the eggs was 30° 
C.). This single observation, though in- 
teresting, is of little value. Some observa- 
tions reported by others will now be cited. 

Bragg (1944) observes ‘“‘that the com- 
mon leopard frog of Oklahoma sometimes 
produces small masses of eggs in what 
appears to be a normal procedure. Of 
something over 200 egg masses observed 
at natural breeding sites during the past 
six years, approximately ten per cent have 
been small (200 eggs or fewer in each 
mass ).” 

If we compare the descriptions given 
by Wright and Wright (1942) of the 
egg mass of Rana pipiens with that of 
Rana sphenocephala (the name given by 
some to southern populations of Rana 
pipiens) we find that the egg mass of the 


3] have not attempted to compare egg masses 
in the experiments reported in this paper. In 
all cases the eggs were stripped from the female 
and fertilized artificially. It was not felt that 
reliable data on type of egg mass could be 
obtained with this procedure. 


southern form is flattened. <A flattened 
egg mass would be better adapted to high 
temperatures because it would allow for 
better diffusion of respiratory gases to and 
from the developing embryos. 

It does not seem wise with these limited 
data to make any statement about geo- 
graphic variation in the form of the pipiens 
egg mass. 


DISCUSSION * 


In my original studies on different spe- 
cies of the New York region it was clear 
that Rana pipiens had the embryological 
characteristics of a northern species. One 
might have predicted a southern boundary 
for it at 33° North latitude. It was diffi- 
cult, therefore, to understand how it was 
able to inhabit nearly all of America as 
far south as Panama. Rana catesheiana 
was the most southern of the local frogs 
in embryological characteristics and con- 
sequently we might have expected it to 
have ranged farthest to the south. How- 
ever, it extends only as far as north- 
eastern Mexico. The answer to this para- 
dox is given by the data presented in this 
paper which indicate that Rana pipiens is 
not a homogeneous species with respect to 


*Some of the problems raised by the data 
are discussed in a paper that was prepared for 
the Princeton Bicentennial Celebration entitled 
“Patterns of Evolution in the Genus Rana.” 
This will appear in a volume, “Genetics, Pale- 
ontology, and Evolution,” to be published in 
the near future by the Princeton University 
Press. 
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those embryological characteristics that 
have an adaptive significance. Populations 
south of the boundary, which was pre- 
dicted on the basis of the behavior of New 
England populations, are very different 
from those in the north. The differences 
are similar to those that separate northern 
and southern species. 

In two other species, Rana clamitans 
and Rana catesbeiana, observations have 
been made on individuals from different 
parts of the species’ range (Moore, 1942a, 
1942c). No indication was found of geo- 
graphic variation in adaptive embryologi- 
cal characters. It is conceivable that these 
two species are limited in space through 
an inability to produce races adapted to 
conditions beyond the boundary of their 
present range. On the other hand Rana 
piptens has apparently produced a wealth 
of genotypes that are adapted to nearly 
every general region of the North Ameri- 
can continent. 

It is not surprising to find geographic 
variation in physiological characteristics 
such as temperature tolerance and rate of 
development. In fact, one would expect 
it to occur more frequently in physiologi- 
cal than in morphological characters. 
(The reason for this assumption is the 
fact that every morphological character is 
the result of physiological processes and 
in addition there are many physiological 
processes with no morphological expres- 
sion.) However, data on geographic vari- 
ation consist almost entirely of the mor- 
phological sort. This is due to the ease 
of measuring structure as compared with 
the usual difficulty in measuring physio- 
logical processes. It is disturbing to find 
that the data on geographic variation, 
which play such an important part in 
discussions of evolution, are usually based 
on characters having no discernible adap- 
tive significance. 

In the New York region Rana pipiens 
supplies a northern environment for its 
embryos by spawning early in the spring. 
It is of interest to learn when spawning 
occurs in other areas, especially where 
the populations adapted to high tempera- 


ture conditions are found. In northern 
Canada Rana pipiens probably breeds in 
June. In the southern provinces May is 
the principal month. At Ithaca, New 
York, Wright (1914) finds April 11 the 
average spawning date. In the New 
York City region April 1 may be taken as 
an average. Brimley (1940) reports that 
leopard frogs breed during February and 
March at Raleigh, North Carolina. Far- 
ther south the marked correlation between 
temperature and breeding time vanishes. 
Wright (1931) believes the population 
in the southern Georgia area breeds every 
month in the year. The same appears to 
be true of Florida. The adaptive changes 
that have occurred in these southern pop- 
ulations have freed them from the necessity 
of providing a “northern environment” for 
their embryos. It is probable that rain- 
fall has replaced temperature as the pri- 
mary stimulus to breeding in the southern 
populations. 

It is not my purpose to discuss the ad- 
visability of recognizing subspecies in 
Rana pipiens but two points might be men- 
tioned. First, the populations of Florida, 
Texas, and Mexico, which are somewhat 
similar in temperature adaptation, are 
very different in adult characters. Sec- 
ond, the sharp difference between the 
northern and southern populations is prob- 
ably due in part to the absence of data from 
localities between 32° and 40° N. latitude 
(see Fig. 8). 


SUMMARY 


Previous experiments have revealed 
that northern and southern species of am- 
phibians differ in a number of characters 
such as embryonic temperature tolerance, 
rate of development, temperature coeffi- 
cient, egg size, and form of egg mass. 

In the experiments reported in this 
paper the geographic variations of the 
above listed characters are described for 
a single species, Rana pipiens. The north- 
ern populations of this species are found 
to differ from southern populations in the 
same way that northern species differ from 
southern species. 
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THE PROBLEM 


What are the affinities of the Lago- 
morpha (hares, rabbits, conies)? Are 
they allied to the rodents, or are the adap- 
tive similarities between the two groups 
the result of parallel evolution? Are the 
lagomorphs more closely related to any 
other mammalian order than they are to 
Order Rodentia? This paper adds sero- 
logical evidence to the morphological evi- 
dence which has been marshalled in at- 
tempts to answer these questions. The in- 
vestigation forms part of a program of 
serological research devoted largely to 
rodents (Levine and Moody, 1939; 
Moody, 1940, 1941, 1948; Moody and 
Itzkowitz, 1943). 

The taxonomic position to be assigned 
to the hares and rabbits has long been a 
subject for disagreement. An _ historical 
summary is given by Simpson (1945) ; 
details will not be repeated here. Tradi- 
tionally the Order Rodentia has been di- 
vided into two suborders: Duplicidentata 
(hares, rabbits, conies), characterized by 
two pairs of upper incisor teeth, and Sim- 
plicidentata, characterized by one pair of 
upper incisors. This systematic arrange- 
ment is still not uncommon, particularly 
among European authors (cf. Parker and 
Haswell, 1940). 

Evidence has gradually accumulated, 
however, to indicate that dissimilarities 
between the groups outweigh similarities. 
In 1912 Gidley summarized the evidence 
and separated the hares and rabbits into 
a distinct Order Lagomorpha. Accord- 
ing to this author lagomorphs differ from 
rodents in the following ways. Lago- 
morphs have four functional upper in- 
cisors, six being present in young indi- 


* Supported in part by Grant No. 563 from 
the Penrose Fund of the American Philosophi- 
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viduals, while rodents have two upper in- 
cisors, the number never being greater in 
young individuals. Lagomorphs have 
three functional upper premolars and two 
lower ones; rodents never have more 
than one upper premolar and one lower 
one. Lagomorphs have a broad palate, 
the distance ,between the upper tooth 
rows being much greater than that be- 
tween the lower; rodents have a nar- 
row palate, the distance between the up- 
per tooth rows being less than that be- 
tween the lower. The upper cheek-teeth 
of lagomorphs are much wider than the 
lower ones, whereas in rodents the upper 
and lower cheek-teeth are about equal in 
width. The lagomorph glenoid fossa is 
constructed so that the jaws are limited 
to a lateral motion in chewing, while in 
rodents both anteroposterior and lateral 
motions are possible. In lagomorphs the 
cheek-tooth row lies in a plane with the 
ascending ramus of the lower jaw, while 
in rodents the cheek-tooth row lies in- 
side the plane of the ascending ramus of 
the lower jaw. The caecum of lago- 
morphs has a spiral fold ; this is lacking in 
the rodent caecum. The elbow joint of 
lagomorphs is modified so that rotary mo- 
tion of the forearm is not possible ; motion 
is not thus restricted in rodents. In 
lagomorphs the fibula is fused distally 
with the tibia and articulates with the cal- 
caneum ; in rodents the fibula may be fused 
or free but never articulates with the cal- 
caneum. Wood (1940) called attention 
to additional characteristics of lagomorphs 
not shared with rodents, including the 
fenestration of the lateral wall of the max- 
illa, the weaker and less complex jaw 
musculature, and the dissimilar enamel 
pattern of the molars. 

Evidence from paleontology has 
strengthened the view that lagomorphs 
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are distinct from rodents. Both orders 
are known from as far back in geologic 
history as the Paleocene. No intermedi- 
ate forms have been discovered, and there 
is no tendency for the more ancient repre- 
sentatives of the two orders to resemble 
each other more than do modern repre- 
sentatives, save as the more ancient ones 
share primitive mammalian  character- 
istics common to early eutherian mammals 
(Simpson, 1945; Wood, 1940, 1947). 

Granted, then, that lagomorphs should 
be accorded ordinal rank, is Order Lago- 
morpha more closely allied, to Order Ro- 
dentia than it is to other orders of pla- 
cental mammals? Gidley (1912) con- 
cluded that the lagomorphs “seem not to 
stand any closer to the Rodentia than to 
some other of the great groups of the 
mammalia.”” He enumerated a number 
of characteristics in which the lago- 
morphs parallel higher ungulates. The 
broad palate, the fact that the upper 
cheek-teeth are wider than the lower ones, 
the manner of chewing on one side at a 
time with a lateral motion of the jaw, and 
similar modifications of the limbs and feet 
are among these parallel characteristics. 

Nevertheless, the similarities between 
the lagomorphs and the rodents must not 
be overlooked. The most obvious of these 
similarities is the gnawing mechanism pro- 
vided by the opposed pairs of upper and 
lower incisors. Gidley (1912) pointed 
out, however, that scalpriform incisors 
have been independently acquired by such 
differing orders as toxodonts, pyrotheres, 
lemurs, allotheres, tillodonts and hyra- 
coids. Gregory (1910) enumerated the 
following characteristics in which lago- 
morphs resemble rodents: typically 
complete uterus duplex, a discoidal decidu- 
ate placenta, a small allanto-chorion, a 
large cup-shaped invaginate yolk sack in 
which the embryo lies, nineteen dorso- 
lumbars, and four endoturbinals with five 
scrolls.” He laid emphasis on the fact 
that while these are mostly primitive mam- 
malian characters they are not found in 
this combination elsewhere. 


In view of the similarities and despite 
the differences, systematists have been 
wont to indicate relationship between lago- 
morphs and rodents. The two orders are 
usually listed in contiguous positions, as 
for example by Miller (1924), who placed 
Order Lagomorpha between Order Ro- 
dentia and Order Artiodactyla (even-toed 
ungulates). Simpson (1945) grouped 
Order Lagomorpha and Order Rodentia 
together in Cohort Glires, a category of 
supraordinal rank. With disarming can- 
dor he admitted, however, that such a 
grouping “is permitted by our ignorance 
rather than sustained by our knowledge.” 

It will be evident from the above that 
varying points of view as to the relation- 
ships of lagomorphs are possible, depend- 
ing upon the weight and interpretation 
one places upon this or that morphologi- 
cal characteristic. It is our aim to add 
serological characteristics to the morpho- 
logical ones previously utilized. 

It is generally assumed that the serum 
proteins present relatively conservative 
characteristics and hence share the en- 


hanced value for relationship studies pos-. 


sessed by conservative characteristics as 
contrasted with those more amenable to 
evolutionary change. This line of thought 
has been ably developed by Boyden (1942; 
1943). Certainly it is true that from the 
classic investigations of Nuttall (1904) to 
the present, serological tests have on the 
whole corroborated classification based 
on morphology (see Erhardt, 1931, and 
Boyden, 1942, for surveys). This fact 
tends to instill confidence in the validity 
of serological evidence applied to cases in 
which morphological evidence is conflict- 
ing or inconclusive. 


MATERIALS AND METHODS 


Antigens 


Whole, normal sera rendered sterile by 
passage through a Seitz filter were em- 
ployed for inoculation of the cocks and as 
the basis for the antigen dilutions used in 
the tests. Sera from the following species 
were utilized. 
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Order Primates Blood was collected from the cocks by + 
monkey cardiac puncture following the technique 
Ocder Lagumershe of Genest (1946). The blood was de- 
Oryctolagus cuniculus....... domestic rabbit fibrinated by shaking with glass beads, 
Lepus americanus...... _. varying hare centrifuged, and the serum was removed 
Sylvtlagus transitionalis ..cottontail rabbit and passed through a Seitz filter 
Rattus norvegicus... . . albino rat Ring Tests t 
Peromyscus leucopus. . . deer-mouse 
Peromyscus truci.... desiiniiatnn A progressive series of antigen dilu- 


Ondatra zibethica.... . muskrat 

Erethizon dorsatum . porcupine 

Cavia porcellus.... guinea pig 
Order Carnivora 


tions was prepared, starting with a 1 
per cent solution of whole serum, and 
employing as diluent 1.8 per cent sodium 


Procyon lotor...... a chloride solution buffered to pH 7 (Evans, 
Order Artiodactyla 1922). 0.1 ml. of antigen dilution was 
Bos taurus......... — carefully layered over a like quantity of 
Odocoileus virginianus...... deer undiluted antiserum in each of a series of 
Antisera small test tubes. The highest dilution in 


Adult male domestic fowl were em- 
ployed for production of antisera. Each 
cock received from 9.5 ml. to 10.5 ml. of 
whole serum in two series of intravenous 
inoculations. The cocks which provided 
antiserum for the photronreflectometer 


which a ring of precipitate was visible at 
the antiserum-antigen interface, follow- 
ing incubation for one hour at 37.5° C., 
was recorded as the endpoint of the re- 
action. Tests were performed in dupli- 
cate; data in Table 1 are based on aver- 


as 


tests received a third series of inoculations @8¢s of the duplicate tests. ‘ 

totalling 3.5 ml.). Antiser btained 
following the two series of inoculations is ' 
designated in Table 2 as ‘First Bleeding,” The photronreflectometer (Libby, £ 


that obtained following the third series as 


1938a) is a photoelectric instrument for 


é 
“Second Bleeding.” measuring turbidity. In the model utilized : 
& 
TABLE 1. Results of ring tests. The endpoint of each homologous reaction is given as “100%” , 
in the body of the table, the actual titer of each being listed at the bottom of the table. Endpoints f 
of heterologous reactions are expressed as percentages of the homologous endpoint. “0” means if 
that no ring formed in the first, 1: 100, dilution or any subsequent one. Cocks 1, 2, 10 and 11 were H 
inoculated with domestic rabbit serum, cock 7 with cottontail rabbit serum. . 
Antigen | Cock 1 | Cock 2 a ve | Cock 7 Order a 
Domestic rabbit | 100.0% | 1000% 100.0% | 66.0%) | 
Cottontail 90.0 67.0 06.0 100.0 Lagomorpha 
Varying hare 90.0 | 75.0 100.0 50.0 | j 
Beef 30.0 25.0 66.0 25.0 . 
actvl 
Deer | | 100 
Albino rat | 25.0 | 
Deer-mouse 60.0* 0.5* 25.0% | | of 
Muskrat | 0 16.0 } | Rodentia { 
Porcupine | 33.0 | | 
Guinea pig 1.0 | 
Rhesus monkev | 0 25.0 oe 
Man 50.0 | 
Raccoon 33.0 | Carnivora 
| | 
Homologous titer | 16,666 20,000 1,000 19,200 


* Peromyscus truet. + Peromyscus leucopus. 
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ANTIGEN DILUTIONS 


Fic. 1. Results of photronreflectometer tests with 
pooled anti-domestic-rabbit antiserum from four cocks, 
7 following three series of inoculations (second bleeding ; 
Table 2). Numbers along the ordinate are galvanometer 
readings, along the abscissa, tube numbers of doubling 
antigen dilutions, starting with whole serum in tube No. 1. 


in this investigation (Libby, 1941) a beam 
of light enters a test tube (7 mm. X 70 
mm.) through the closed end. If turbidity 
is present in the contents of the tube some 
of the rays are diffracted onto a photo- 
electric cell placed parallel to the side 
wall of the tube and connected to a galva- 
nometer. The galvanometer deflection is 
proportional to the amount of turbidity 
present (Libby, 1938a, 1938b, 1941; Bov- 
den, Bolton and Gemeroy, 1947). 

In utilizing the instrument a doubling 
series of antigen dilutions was prepared, 
starting with whole serum, and employing 
0.2 per cent buffered saline solution as 
diluent (cf. Boyden, Bolton and Gemeroy, 
1947). Each test tube received 0.75 ml. of 
antigen dilution and a like quantity of 
antiserum diluted with equal parts of the 
saline solution. Each tube was incubated 
for 10 minutes, readings in the instru- 


ment being taken before and after the in- 
cubation period. The difference between 
the two readings formed a measure of the 
amount of turbidity developed. Each an- 
tigen dilution was tested in the same man- 
ner. There was obtained, therefore, a 
series of readings which were plotted 
as the points on a curve (Fig. 1). The 
area under the curve was utilized as a 
quantitative statement of the magnitude of 
the reaction (Boyden, 1939). All tests 
were performed in duplicate (sometimes 
in triplicate or quadruplicate); data in 
Table 2 are based on averages of the re- 
peated tests. 

Attempts were made to minimize vari- 
ables introduced by day-to-day fluctua- 
tions in the photron’er and by the age 
of the antiserum. A standardizing pro- 
cedure suggested by the recommendations 
of Baier (1947) for a different form of 
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TABLE 2. Results of photronreflectometer tests 
employing pooled anti-domestic-rabbit antisera from 
four cocks. Areas under the curves are expressed 
as percentages of the area under the curve for 
homologous antigen. Between the first and 
second bleedings the cocks received an addi- 
tional series of inoculations. 


First | Second 
Antigen Bleed- | Bleed- | Average Order 

ing ing 
Domestic rabbit | 100.0% | 100.0% | 100.0% | 
Cottontail 67.3. | 93.9. | 80.6 {| Lagomorpha 
pes 23.6 Artiodactyla 

uinea pig 12. 8 10.1 : 

Albino rat 10.3 8.0 9.1 } Rodentia 
Man 9.3 9.3 Primates 


the instrument was adopted. To obviate 
the variable introduced by age of the anti- 
serum, tests to be compared were per- 
formed within a brief period of time or, 
when this was not possible, the duplicate 
tests with a given antigen were spaced 
as widely as possible in the span of time 
during which the antiserum was in use. 
We found that chicken antiserum changes 
its reactivity as measured in the photron’er 
over a much longer period of time than the 
12 days reported by Wolfe (1942) and 
Wolfe and Dilks (1946) for changes in 
ring test titer. 


RESULTS 
Ring Tests 

Table 1 gives the results of tests per- 
formed with four antisera. Each of the 
latter was obtained from a single cock, ex- 
cept for one which was composed of 
pooled serum from two cocks. In the 
table the heterologous reactions are ex- 
pressed as percentages of the homologous 
titer: the latter is given at the bottom of 
the table for each antiserum. 

Cocks 1, 2, 10 and 11 had been inocu- 
lated with domestic rabbit serum. I ndi- 
viduality of response to inoculated anti- 
gen is evident in the results. Each anti- 
serum gave strong reactions with sera 
from the two heterologous species of lago- 
morphs, but differentiated these antigens 
from the homologous one. In general 


much weaker reactions were obtained with 
antigens from other mammalian orders, 
though the strong reaction of cock 1 anti- 


serum with deer-mouse antigen and that 
of cocks 10 and 11 antiserum with beef 
antigen form apparent exceptions to this 
statement. Beef serum was the only non- 
lagomorph antigen to give consistent re- 
actions of medium strength with all three 
anti-domestic-rabbit antisera. The 
marked discrepancy between the results 
with cock 1 antiserum and those with the 
other two antisera when tested with deer- 
mouse antigen is inexplicable at present. 

More extensive tests than those with 
the first three antisera were performed 
with antiserum from cock 7, which had 
been inoculated with cottontail rabbit 
serum. This antiserum reacted most 
strongly with lagomorph antigens, but in 
addition reacted to considerable extent 
with antigens from the other orders of 
mammals tested. Indeed, the reaction 
with human serum equalled that with vary- 
ing hare serum. Explanation of this fact, 
as well as of the marked differences in re- 
action with the several rodent antigens, 
must await further investigation. 

It can be concluded from these tests that, 
if the single aberrant result with cock 1 
antiserum and deer-mouse antigen be 
overlooked, there is no indication of 
greater serological affinity between lago- 
morphs and rodents than exists between 
lagomorphs and a number of other orders 
of mammals. 


Photronreflectometer Tests 


Figure 1 presents in graphic form the 
results of tests performed with pooled an- 
tiserum obtained from four cocks follow- 
ing the third series of inoculations with 
domestic rabbit serum (second bleeding). 
The numbers on the ordinate axis repre- 
sent galvanometer readings (expressing 
the differences between the first and sec- 
ond readings for each tube, as described 
above). The numbers given on the ab- 
scissa represent the series of doubling 
antigen dilutions, starting with whole 
serum in tube No. 1. 

The curve representing the reaction 
with homologous antigen (domestic rab- 
bit) follows a course typical of precipitin 
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DOMEST/C RABEIT 
COTTONTA/L 
BEEF 

GUINEA PIG 
AL8B/NO RAT 


MAN 


LAGOMORPHA 


ARTIODACTYLA 


RODENT/A 


PRIMATES 


Fic. 2. Bar graph of average results of photronreflectometer 
tests with pooled anti-domestic-rabbit antiserum from four cocks 


(data from column 4 of Table 2). 


reactions measured photoelectrically or 
quantitatively. In the zone of antigen 
excess (prozone) precipitation was in- 
hibited. The inhibition decreased with 
increasing dilution until a point of optimal 
proportions between antigen and antibody 
was reached (tube No. 5). Following 
this point there was a progressive decrease 
in precipitation with decreasing concen- 
tration of antigen. 

It will be noted that the reactions with 
the sera of the two lagomorphs greatly 
exceeded the reactions with sera from 
representatives of other orders of mam- 
mals. The percentages given in Table 2 
represent the ratios which areas under the 
several heterologous curves bear to the 
area under the homologous curve. This 
table includes both the results of the tests 
graphed in Figure 1 (second bleeding ) and 
those of the tests with antiserum obtained 
from the same four cocks following the 
second series of inoculations (first bleed- 
ing). The principal difference between 
the results obtained with these two anti- 
sera lies in the decreased specificity re- 
sultant from additional inoculation of anti- 
gen. This is evident from the fact that 
following two series of inoculations the 
reaction of the antiserum with cottontail 
antigen was 67.3 per cent of the homolo- 
gous reaction, whereas following an ad- 
ditional series of inoculations the reaction 
with cottontail antigen was 93.9 per cent 


of the homologous one. This decline in 
specificity is in line with the results of 
previous workers (e.g., Wolfe, 1935). 

The fourth column of Table 2 presents 
averages of the percentages obtained with 
the two antisera (see Fig. 2). As was 
true of the ring tests, the greatest heterolo- 
gous reaction was obtained with a lago- 
morph antigen; reactions with antigens 
from other orders were of much less mag- 
nitude. There is no indication of greater 
serological affinity between lagomorphs 
and rodents than exists hetween lago- 
morphs and representatives of other or- 
ders of mammals. 


DISCUSSION 


There are few results with which the 
present ones can be compared.  Bordet 
(1899) recorded the production of anti- 
sera in chickens by inoculation with rabbit 
blood. Uhlenhuth (1905) obtained in 
chickens antisera against the blood of the 
European hare. These antisera reacted 
with the serum of domestic and wild rab- 
hits as strongly as they did with the ho- 
mologous antigen, though precipitate with 
the heterologous antigens formed a trifle 
more slowly than it did with the homolo- 
gous antigen. The antisera did not react 
with serum from man, rat, mouse, guinea 
pig, polecat, horse, swine, beef, sheep or 
pigeon. The same author prepared anti- 
sera by inoculation of chickens with rab- 
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bit blood. These antisera precipitated rab- 
bit and hare blood, the reaction with the 
latter being somewhat weaker than that 
with the former. 

In our investigation antisera formed in 
domestic fowl by inoculation with lago- 
morph sera were sufficiently specific to 
distinguish between one species of lago- 
morph and another, and at the same time 
gave reactions with antigens from other 
orders of mammals. This was true 
whether the precipitin reaction was mea- 
sured in terms of endpoint titer of a ring 
test or in terms of turbidity developed 
over the total range of antigen-antibody 
reaction, as measured with the photron- 
reflectometer. DeFalco (1941), Boyden 
(1942; 1943), Boyden and DeFalco 
(1943), and Boyden, Bolton and Gemeroy 
(1947) have emphasized the advantages 
of the latter method over the former, 
stressing the importance of basing mea- 
surement upon the entire range of a 
serological reaction rather than upon its 
limit alone, or upon measurement at any 
single point in the range of reaction. The 
error which might be introduced by the 
latter practice is exemplified in Figure 1 ; 
it will be noted that the point of optimal 
proportions was reached in tube No. 5 
for the two lagomorph antigens, in tube 
No. 3 for albino rat antigen, in tube No. 
4 for guinea pig antigen, and in tube No. 
7 for beef and human sera. 

Accordingly, we attach more impor- 
tance to the tests with the photron’er than 
we do to the ring tests. We are influ- 
enced in this not only by theoretical con- 
siderations but also by the fact that the 
photron’er tests were performed with 
pooled antiserum from four cocks, thereby 
minimizing the variations introduced by 
individuality of response on the part of 
antibody producers (Table 1). Never- 


theless, it seems to us particularly condu- 
cive to confidence in the validity of the 
present findings that in broad outline the 
latter were essentially similar with both 
methods of measurement. 

Another check on validity of serological 
relationship values lies in agreement be- 


tween reciprocal tests. Few tests applica- 
ble to the present study are available. The 
senior author immunized one cock with 
beef serum. In ring tests this antiserum 
differentiated sharply between beef and 
deer serum and reacted slightly, when at 
all, with non-artiodactyl sera ; a slight reac- 
tion was obtained with one of three lago- 
morph sera tested (unpublished data). 
Hartung (1948) immunized cocks with 
albino rat serum. Employing the pho- 
tron’er she found that reactions of the 
antiserum were greatest with sera from 
other rodents, much less with lagomorph 
sera. The order of magnitude of the re- 
actions with the latter was similar to that 
of reactions with rodent sera in the pres- 
ent investigation. This result forms con- 
firmation of our finding that rodents and 
lagomorphs are not closely similar sero- 
logically. 

Our tests demonstrated that there is 
no more similarity between the sera of 
lagomorphs and those of rodents than 
there is between the sera of lagomorphs 
and those of a number of other orders of 
mammals. Is there any indication that 
lagomorphs are more akin to any one order 
than they are to others? In view of all 
the results save those with cock 7, it is 
tempting to see greater affinity between 
lagomorphs and artiodactyls than exists 
between the former and any other order 
included in the study (Fig. 2). It will be 
recalled in this connection that Gidley 
(1912) enumerated several morphological 
characteristics in which lagomorphs _ re- 
semble ungulates. Serological data avail- 
able to date are too few and indecisive to 
warrant conclusions with regard to lago- 
morph-artiodactyl relationships, however. 
A survey including representatives of most 
or, preferably, all mammalian orders is 
needed and would undoubtedly yield re- 
sults of value. 


SUMMARY 


1. The present status of the question of 
lagomorph relationships is summarized. 
2. Male domestic fowl were immunized 
with lagomorph sera. The antisera so 
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obtained were employed in (1) ring tests 
on sera representing five orders of mam- 
mals, and (2) turbidity tests, using the 
Libby Photronreflectometer, on sera rep- 
resenting four orders of mammals. 

3. The antisera differentiated between 
the lagomorph sera tested and reacted, in 
general, to less a degree with sera from 
representatives of other mammalian or- 
ders. 

4. On the whole we found no evidence 
of greater serological similarity between 
lagomorphs and rodents than exists be- 
tween lagomorphs and other orders of 
mammals. Thus the present results form 
serological confirmation of the wisdom of 
separating lagomorphs and rodents into 
distinct orders, a separation based origi- 
nally on morphological considerations. 
Our results also offer some comfort to 
proponents of the view that the two or- 
ders are not even closely related and that 
their adaptive similarities arose through 
parallel evolution (Gidley, 1912; Wood, 
1940). 

5. Most, though not all, of the tests 
gave evidence of greater serological simi- 
larity between lagomorphs and _§artio- 
dactyls than exists between lagomorphs 
and the other orders included in the study. 
Conclusions here would be premature. 
however ; the present results on this point 
can merely serve to indicate a promising 
field for investigation. 
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The successional mode of speciation of 
Julian Huxley (1942) may be defined as 
gradual transformation of one species into 
a successor species, or several of them, 
during the course of geologic time without 
primarily involving geographic, ecologic, 
or adaptive segregation. The purpose of 
this paper is to present a particular case 
of such a mode of speciation and to dis- 
cuss problems involved therein. The 
example chosen is the stock of Cubitostrea 
sellaeformis (Conrad) | Mollusca, Pele- 
cypoda], which contained 4 separate suc- 
cessional species of oysters and lived in 
Middle Eocene time in the ancient Gulf of 
Mexico. 


STRATIGRAPHIC SUCCESSION 


Only recently has it become possible to 
trace this succession of species, because 
only recently has the stratigraphic suc- 
cession of the beds and localities involved 
been cleared up sufficiently to allow cor- 
rect chronologic placing of the species in- 
volved. This modern stratigraphic in- 
formation, without which satisfactory 
paleontologic work could not be done, we 
owe to the original investigative field work 
of geologists active in the area. 

The following is a brief and simplified 
outline of stratigraphy involved in the 
present study (compare fig. 6). 


Jackson group |Upper Eocene]: with 
Moodys Branch marl, a richly fossil- 
iferous glauconite and shell marl at 
base. 

Regional transgressive disconformity 

Claiborne group [Middle Eocene] : 

Yegua formation: chiefly nonmarine, 
lignitic sands and shales, about 800 
feet thick. 


Evo.tution 3: 34-50. March, 1949. 


Cook Mountain formation | equivalent to 
Wautubbee formation in Mississippi 
and upper Lisbon formation in Ala- 
bama|: chiefly marine and _ brackish- 
water shales, marls, and glauconites, 
about 350 feet thick. 

Regional transgressive disconformity 

Stone City beds: brackish and marine, 
carbonaceous shales and glauconites, 
up to 80 feet thick. 

Sparta sand: chiefly deltaic, cross-bedded, 
lignitic sands, about 250 feet thick. 

Regional regressive disconformity 

Therrill shale [equivalent to Zilpha shale 
of Mississippi] : carbonaceous shales 
and silts, up to 40 feet thick. 

Weches formation [equivalent to Winona 
of Mississippi and lower Lisbon of 
Alabama, in part]: chiefly glauco- 
nites and clay ironstones, about 40 
feet thick. 

Regional transgressive disconformity 
Tallahatta formation of Alabama: brack- 
ish and marine sands and silts. 
Other formations, not involved in this 

study. 
Disconformity 
Wilcox group |Lower Eocene]. 


SPECIES SUCCESSION 


The branch of the family Ostreidae 
| Mollusca, Pelecypoda| discussed in the 
present paper culminates in Cubitostrea 
sellaeformis (Conrad), which was origi- 
nally described in 1832 and has been re- 
described by many authors (Morton, 
1833; Morton, 1834; Heilprin, 1884; De 
Gregorio, 1890; Clark, 1896; Clark and 
Martin, 1901 ; Harris, 1919). This showy 
species is a well-known, widespread, and 
abundant fossil oyster, useful as a marker 
of the Cook Mountain formation and 
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equivalent beds (see figs. 1 and 2). In 
its mature and senile stage it has a pon- 
derous and peculiarly twisted shell. Its 
shape suggests a saddle (sella in Latin), 
hence the name sellaeformis. The long 
axis of the left valve (U to 8 of fig. 1), 
anatomically the anterodorsal-posteroven- 
tral axis of the animal, is strongly arched. 
Transverse to the long axis the mature 
left valve is concavely arched. There are 
two auricular flaps, one on each side of 
the umbo, the posterior one nearly always 
the larger; both are arched in a concave 
manner like the main body of the valve. 
This manifold arching of the various por- 
tions of the mature shell produces a rather 
high and sharp fold in the sinus located 
between the posterior auricle and the main 
shell body and a much lesser fold in the 
corresponding sinus between the anterior 
auricle and the main shell body. The 
right valve (fig. 2), that is, the unattached 
valve, conforms to the shape of the left 
for complete closure at the shell margins 
but is so thick and heavy in the senile stage 
that its outer face is convex along the long 
axis though not as much as that of the 
left valve. Surface sculpture consists 
mainly of crude, projecting, concentric 
growth lamellae; ribbing is either absent 
over most of the mature surface or shal- 
low and faint where present. 

The projecting growth lamellae are 
thick at their base but thin toward their 
free margin to a paper-thin edge, which 
commonly is broken off. Under each 
lamella is a deep chink, which is usually 
filled with matrix. It is obvious that shell 
growth was rapid and continuous to the 
end of each lamella. But after this period 
of rapid growth the fleshy portion of the 
animal shrank considerably in size and 
started to build the next lamella not in 
continuation of the feather-edge of the 
old lamella but farther back. This shrink- 
age in size of the fleshy portion produced 
the chink that is found between each 
lamella and its successor. Such repeated, 
periodical shrinkage of the fleshy portion 
is strongly suggestive of the shrinkage 
during the spawning season, which has 


been observed in living oysters. Hence 
it is assumed that each lamella represents 
an annual growth and each chink, between 
succesive lamellae, the growth interrup- 
tion during the summer spawning season. 
On that basis most senile shells of Cudit- 
ostrea sellaeformis (Conrad) are at least 
8 years old (compare fig. 1). Exact de- 
termination of the age of shells that are 
more than 8 years old is hardly possible, 
because near the end of the 8th year the 
shell ceases to grow in length and the 
lamellae become closely stacked together, 
making them difficult to count. 

Greatly different from the mature and 
senile shell is the immature portion pre- 
served near the umbos (U to N of fig. 1). 
This stage is also known from many im- 
mature fossil shells, which are remnants 
of animals that died before reaching ma- 
turity. Such shells are thin, their auricles 
are small but show an increase from 
growth line to growth line; the peculiar 
twist of the shell is just beginning to show. 
The shell outline is elongate with a slight 
crescentic turn. The left, that is, the at- 
tached, valve is shallowly convex and reg- 
ularly ribbed with radial divaricating 
costae; the costae are dichotomous or in- 
tercalating and about 1 to 2 mm wide at 
the end of the immature stage. The right 
valve is flat to faintly convex and devoid 
of ribs or with few faintly indicated radial 
costae ; regular, concentric, and appressed 
growth lamellae are the only sculpture 
present in most cases. 

The immature shells are an indication 
of the true affinities of this oyster within 
the family Ostreidae. They are very simi- 
lar to the immature shells of European fos- 
sil oysters of the genus Cubitostrea Sacco 
(1897). If one compares immature speci- 
mens of Cubitostrea sellaeformis (Con- 
rad) with those of C. cubitus (Deshayes ) 
and C. plicata (Solander) (Brander, 
1766 ; Cossmann, 1887 ; and Cossmann and 
Pissarro, 1906) one is at once impressed 
by the great similarity in all morphologic 
and anatomic features of the shell includ- 
ing costae, hinge, and position and shape 
of the adductor and pedal muscle imprints. 
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Fic. 1. Senile shell of Cubitostrea sellaeformis (Conrad), < 5, from the Archusa marl 
of the Cook Mountain (Wautubbee) formation in cut of New Orleans & Northeastern 
Railroad, 1 mile north of Wautubbee or 0.4 mile north of highway overpass, Clarke County, 
Mississippi. 

This individual probably reached an age of 8 years as indicated by the 8 abruptly ter- 
minated major growth stages, each of which forms a growth squama and a sharp step. 
These growth stages are shown on the figure by N, 2, 3, 4, 5, 6, 7, and 8; the ribbed neanic 
stage ends at N; the umbo and very small attachment scar are at U. 

This is an oblique posterior view seen at approximately 45° to the hinge axis showing the 
twisted valve commissure and the large posterior auricular flap. The right valve is largely 
hidden from view by the left; the right valve is stippled. Compare text figure 2. 


aa 


n 
d 


| 
{ 
U 
_ 
| 
= 
/ 
= 
4 Ry ~~. 
N 
/ 
/ H 
/ 
6 7 8 
| 


SUCCESSIONAL SPECIATION IN OYSTERS 


Fic. 2. Senile right valve of Cubitostrea sellaeformis (Conrad), same individual as 


figure 1, X %. 


This is an oblique anterior view of the inside of the right valve seen at approximately 45° 


to the hinge line showing the warping of the valve. 


The posterior adductor muscle imprint 


is seen straight on, hence is shown without perspective distortion, but its thin shelly cover 


at the upper margin is broken off, thus modifying its reniform outline somewhat. 


Abbre- 


viations: L=ligament, PA= posterior adductor muscle imprint, PR = pedal retractor 


muscle imprint, U = umbo. 


The similarity in youth is so obvious that 
one can but conclude that sellaeformis 
(Conrad) is a near relative of the two 
European species or, to put this conclu- 
sion into systematic terminology, sedlae- 
formis is a Cubitostrea too or closely re- 
lated to that genus. This conclusion is 
merely an example of the procedure Gar- 
stang (1922) had in mind in his critical 
discussion of the Biogenetic Law. 


The conclusion as to the affinity of C. 
sellaeformis (Conrad) to typical Cubitos- 
treas can be repeated with all other species 
of the sellaeformis stock, and clearly the 
earlier species of the stock are more simi- 
lar to and less divergent from the typical 
branch of Cubitostrea. The earliest spe- 
cies of the stock, Cubitostrea perplicata 
(Dall), cannot be distinguished from the 
typical branch of Cubitostrea; it is a 
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Fic. 3. Valves of Cubitostrea perplicata (Dall), X 1, topotypes. Costate left valves in 
left column; smooth right valves, upper two figures in right column; complete shell in 
lower right. 
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Cubitostrea s.s. But the species descend- 
ent from it are a more and more divergent 
off-branch of the typical branch; in other 
words, they are a subgenus of Cubitos- 
trea s.l. as yet unnamed. This subgenus 
comprises Cubitostrea lisbonensis (Har- 
ris) —C. smithvillensis (Harris)—C. sel- 
laeformis (Conrad). The sellaeformis 
stock includes in addition to these 3 spe- 
cies their ancestor species, the C. perplicata 
(Dall). 

The chain of species culminating in C. 
sellaeformis appears first in the Middle 
Eocene as C. perplicata Dall (Dall, 1898: 
Harris, 1919) from the Tallahatta forma- 
tion of Alabama (fig. 3). This species 
has a strongly costate left valve and smooth 
right valve; it lacks the auricles entirely 
and for that reason its umbonal region is 
more pointed than in the other species of 
this stock. In youth its outline is oval to 
crescentic, but on maturing it expands 
along the anterior margin so that the 
shell assumes gradually a curved-triangular 
outline with one part of the margin nearly 
straight. The ribbing of the left valve is 
weak in youth but becomes stronger with 
maturity, and at that stage the costae are 
wider than their interspaces. The valves 
are thick as in C. lishonensis (Harris). 

The C. perplicata (Dall) possesses sev- 
eral primitive features. Primitive is the 
comparatively small size of the shell. The 
largest left valve at hand is 64 mm high; 
the corresponding right valve is smaller as 
is the case in all members of the family 
Ostreidae. Mature shells of perplicata 
are 45 to 60 mm high. — All succeeding 
species of the phylogenetic series stem- 
ming from C. perplicata are larger, and 
the increase in size is progressive from 
species to species so that the last species, 
C. sellaeformis, is very large. Left valves 
up to 182 mm high are known in the latter 


species. 


Primitive is also the complete lack of 


auricles at any stage of growth. All later 
species of this evolutionary chain have 
well-developed auricles. The auricles in- 
crease in proportionate size from species 
to species and develop to such an extreme 


in the last species of the chain, C. sellae- 
formis (Conrad). Auricles appear sud- 
denly for the first time in C. lisbonensis 
(Harris). This sudden appearance of 
auricles in the evolutionary chain coin- 
cides with the regional disconformity sepa- 
rating the Tallahatta formation from the 
overlying lower Lisbon formation. The 
Cubitostrea perplicata (Dall) occurs at 
the very top of the Tallahatta formation 
and lacks auricles; the C. lishonensis 
(Harris) is found in many places at the 
very base of the overlying Lisbon forma- 
tion and has already well-developed auri- 
cles. The fact that the sudden appearance 
of auricles coincides with the break be- 
tween the two formations emphasizes the 
hiatus of time represented by the discon- 
formity, which is also demonstrable from 
other evidence. 

Primitive in C. perplicata is also the 
strength of the costae and their retention 
in strength to the end of growth in senile 
left valves. The chain of species shows 
a progressive weakening of the costae (see 
fig. 7). The second species, C. lisbonen- 
sis, retains its costae throughout shell 
growth but they are weaker than in C. 
perplicata. The next species, C. smith- 
villensis, has greatly subdued costae after 
maturity is reached, but they are retained 
throughout growth of the left valve. The 
last species, C. sellaeformis, may lack 
costae in the later, post-neanic stages of 
growth or may have sporadic and obsoles- 
cent costae. However, in distinction to 
the mature and senile portions of the left 
valves the immature portion is regularly 
costate in all species of the chain. 

Primitive is also the triangular shell 
outline of C. perplicata. The second spe- 
cies, C. lishonensis, is moderately triangu- 
lar in outline. There are individuals of 
this species that come rather close to C. 
perplicata in triangularity of outline; be- 
ginning with these shells one may group 
others in a variation series that goes from 
crescentic-triangular to crescentic with 
only a slight indication of triangular out- 
line. Of the next species, C. smithvillen- 
sis, many shells have a roundedly project- 
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Fic. 4. Valves of Cubitostrea lisbonensis (Harris), X 1, from Texas. Costate left valves 
and smooth right valves of 6 individuals; outside views. 
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ing anterior margin that is suggestive of a 
remnant of triangular outline; but as a 
whole the shell outline of this species is 
ovate. In the last species of the chain the 
triangular outline has been completely 
submerged in the ovate outline. As a 
whole the chain shows a progressive re- 
duction of the triangular projection in 
the shell outline and a gradual change 
from pronouncedly curved-triangular to 
moderately triangular to ovate outlines. 

Primitive in C. perplicata (Dall) is also 
the complete lack of arching of the valves ; 
the commissure of the two valves lies in a 
plane. Shells of the succeeding species are 
arched. Those of C. lishonensis and C. 


smithvillensis are only slightly arched; in 
fact they are arched so little that were one 
not searching for this feature one might 
easily overlook its presence. The shell of 
C. sellaeformis is highly arched so that the 
commissure between the two valves is not 
a plane but arched so much that the rise is 
about 0.50 of the chord of the arch. 

The second species of the chain is Cu- 
hitostrea lisbonensis (Harris) from the 
lower Weches formation and its equiva- 
lents (fig. 4). This species is widespread 
in Alabama, Mississippi, Louisiana, and 
Texas. It is very similar to C. perplicata. 
The shell is thick. The umbonal region 
is wider, because auricles are present. 


Fic. 5. Outside view of left valve of adult Cubitostrea smithvillensis (Harris), * 1, from 
Choctaw County, Alabama. 
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Fic. 6. Stratigraphic ranges of the chain of species composing the Cubitostrea sellaeformis 
(Conrad) stock in the Gulf Coastal Plain. 
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Some specimens have very prominent 
auricles while others have small ones, but 
never is this feature missing. The valve 
outline is crescentic to ovate with a tri- 
angular extension of the shell margin sim- 
ilar to but less prominent than in C. 
perplicata (Dall). The ribbing of the left 
valve is very similar to C. perplicata 
(Dall), but the interspaces are as wide as 
or wider than the costae. The shell com- 
missure is slightly arched ; the rise of the 
arch is 0.10 of its chord. 

The third species of the chain, Cubitos- 
trea smithvillensis (Harris), too is found 
in the Weches formation, but it is re- 
stricted to Texas and Alabama and occurs 
always in a higher level than C. /isbhonen- 
sis (Harris) (fig. 6). No signs of inter- 
gradation between C. lisbonensis (Harris) 
and C. smithvillensis (Harris) are found. 
This lack of intergrading forms is ex- 
plained by a scarcity of any oyster remains 
between the two respective levels occupied 
by the two species and by a well-defined 
depositional hiatus separating the top of 
the C. lisbonensis level in the lower 
Weches formation from the succeeding 
beds of the upper Weches formation. 
Similarly there are no intergrading popu- 
lations between any of the four species 
discussed here. All four species are 
precisely limited at the top and bottom of 
their stratigraphic ranges by gaps of the 
record that eliminate intergrading forms. 

Cubitostrea smithvillensis (Harris) dif- 
fers from C. lishonensis (Harris) in sev- 
eral respects of which the most diagnostic 
is the presence of a few low costae radiat- 
ing from the umbo of the right valve. This 
species as it grows large assumes an ovate 
outline, and its costae become wider and 
lower ; the auricles are large but in many 
cases poorly set off from the main body 
of the valve. The gradual loss of the 
crescentic shell outline and the change into 
an ovate one, ag the shell grows, is an 
advanced character. So is the gradual 
widening and weakening of the radial 
costae on the left valve. A newly added 
character is the faint radial ribbing of the 
right valve. The shell commissure is 


slightly arched; the rise of the arch is 
0.11 of its chord in large shells. 

The strata between the Weches and the 
Cook Mountain formations are largelv 
fluviatile and nonmarine; hence oysters 
cannot be found in them. However, the 
Stone City beds contain brackish and 
marine deposits and some oysters have 
been found in them, but among the oysters 
no representatives of the sellaeformts stock 
have been discovered to date. 

The Cubitostrea sellaeformis (Conrad) 
from the Cook Mountain formation and its 
equivalents is still larger than C. smith- 
villensis (Harris) and has in addition a 
ponderous habit and a twisted shell with 
large auricular flaps. Owing to the twist 
of the shell the flaps are rather well set 
off from the main shell body. As the 
shell grows, the costae of the left valve be- 
come more and more obscure. All-in-all 
its features are accentuations or exag- 
gerations of the characters found already 
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Fic. 7. Sections across radial costae of left 
valves, mature stage, at a distance of 6 cm 
from the umbo, X2 of natural size. Top: 
Cubitostrea sellaeformis (Conrad) ; second from 
top: C. smithvillensis (Harris); second from 
bottom: C. lisbonensis (Harris); bottom: C. 
perplicata (Dall). 
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in C. smithvillensis (Harris). The twist 
or arching of the shell, so prominent in 
this species, is nevertheless present in C. 
lisbonensis and C. smithvillensis but is 
very faint in these two. 

The features which show progressive 
evolutionary changes from species to spe- 
cies in this chain are: 


(1) increase in size of shell (compare 
fig. 8) 

(2) increase in proportionate size of 
auricles (compare fig. 8) 

(3) decrease in strength of costae 
(compare fig. 7) 

(4) disappearance of triangular shell 
outline {compare fig. 8) 

(5) appearance of twist in shell. 


These features can be expressed in nu- 
merals with the aid of measurements. 
Below is a tabulation of approximate data. 
It is recognized that more reliable and ex- 
act data might be obtained by extended 
statistical work. However, the material 
at hand does not seem to warrant such 
work. 


Cubitostrea 
perplicata | lisbonensis | smithvillensis | sellaeformis 

(Dall) (Harris) (Harris) (Conrad) 
(1)|} 64 86 147 182 
(2) 0.00 0.33 0.41 0.51 
0.45 0.42 0.30 0.13 
(4)} 0.90 0.79 0.58 0.55 
(5)} 0.00 0.10 0.11 0.50 


(1) is the maximum size attained by each 
species as measured by the distance in milli- 
meters from the umbo to the opposite margin of 
the left valve [or the height of the left valve }. 

(2) is the proportion of the height of the 
posterior auricle to the height of the valve, 
measured on the left valves of specimens with 
large auricles. 

(3) is the average proportion of the height to 
the width of a costa on the left valve, measured 
at a distance of 6 cm from the umbo. 

(4) is the proportion of the length to the 
height of the right valve in adult specimens. 

(5) is the proportion of the rise of the arch 
made by the left valve to the height of the left 


valve. 


COOK MOUNTAIN 


LOWER WECHES | UPPER WECHES 


TALLAHATTA 


Fic. 8. Left valves of species composing the 
Cubitostrea sellaeformis (Conrad) stock, X %4 


of natural size. 

These are outlines of the left valves of large 
specimens of each species. They show the de- 
velopment of auricles and increase in shell size 
from species to species. The species are ar- 
ranged with the earliest at the bottom and the 
latest at the top. Horizontal bars are the ex- 
tensions of the hinge axes. Auricles are shaded 
differently than the main shell body. Some 
growth lines are indicated by dashed lines. 


EXTINCTION OF THE STOCK 


The C. sellaeformis (Conrad) and the 
stock it represents disappeared from the 
Gulf Coast Tertiaries with the close of 
Cook Mountain time. The end of Cook 
Mountain deposition in the Gulf Coast 
was marked by a regional, extensive, and 
long lasting withdrawal of the sea, and the 
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North American Distribution of Cubitostrea 


Cubitostrea (unnamed subgenus) : 
sellaeformis (Conrad) 


smithvillensis (Harris) 


Cook Mountain formation and its equivalents, Maryland to 
Mexico 


upper part of Weches formation and its equivalents, Texas 


and Alabama 


lisbonensis (Harris) 


lower part of Weches formation and its equivalerts, Ala- 


bama to Mexico 


Cubitostrea (Cubitostrea) : 
divaricata (Lea) 


Weches and Cook Mountain formations and their equiva- 


lents, Alabama to Texas 


undescribed species 
perplicata (Dall) 


formation succeeding the largely marine 
Cook Mountain is a nonmarine, largely lig- 
nitic series of beds known as the Yegua 
formation (Stenzel, 1940). The with- 
drawal of the sea during Yegua time was 
certainly of long duration for the forma- 
tion is a thick one and contains ancient 
soils with tree roots in situ. The with- 
drawal of the sea had also a long reach in 
a gulfward direction for the formation 
can be traced a considerable distance un- 
derground and down dip toward the Gulf 
before its facies changes to near-shore 
marine. These extensive shifts in the 
location of the ancient Middle Eocene 
Gulf shores wiped out the Cubitostrea 
sellaeformis stock. When finally the Gulf 
sea readvanced in late Yegua and early 
Jackson time, it returned without a de- 
scendant of this ostreid stock. In dis- 
tinction to the Claiborne group the de- 
posits of the succeeding Jackson group 
in the Gulf Coastal Plain have not yielded 
any species of Cubitostrea. Common and 
leading oysters of the Jackson group be- 
long to the genus Gigantostrea and to 
other genera but not to Cubitostrea. 


GEOGRAPHIC DISTRIBUTION 


The chain of species, Cubitostrea per- 
plicata (Dall)—lisbonensis (Harris)— 
smithvillensis (Harris )—sellaeformis 
(Conrad ), evolved in a restricted area, the 
Tertiary Gulf of Mexico. With the ex- 
ception of C. sellaeformis (Conrad) they 
did not spread beyond the confines of this 
sea. The sellaeformis, however, spread 
along the Atlantic shore of the Tertiary 
continent northward and is found as far 


lower Cook Mountain formation, Texas 
Tallahatta formation, Alabama 


north as Virginia and Maryland. Terti- 
ary deposits of the same age in England 
and France, well explored for fossils, have 
not produced any fossil of this branch of 
the Ostreidae, although Cubitostrea s.s. is 
common there. South American deposits 
are equally devoid of them. Outside of 
their home province there are no forms di- 
rectly traceable to or closely comparable 
with these Gulf Coast species. The Gulf 
Coast chain of species is a purely pro- 
vincial off-branch of the genus Cubitos- 
trea s.l. This point is of importance in 
the discussion given below, because it 
precludes the assumption of extensive mi- 
grations into or from regions outside of 
the Tertiary Gulf of Mexico as explana- 
tions of some of the evolutionary features 
of the chain. 

On the other hand, it is important to 
note that there existed in the Tertiary 
Gulf of Mexico, simultaneous and side by 
side with this chain, species of oysters that 
are true representatives of Cubitostrea s.s. 
The sellaeformis stock of Cubitostrea was 
never geographically separate from the 
typical branch of Cubttostrea. 

The listing of the three species given 
above under Cubitostrea (Cubitostrea) 
does not imply a sequence of descent, but 
merely close relationship. The species di- 
varicata (Lea) is not regarded as de- 
scended from perplicata (Dall), but both 
these species are regarded as derived from 
other, earlier Cubitostreas. 


EcoLocy AND PoPpuULATION SIZE 


Generally oysters are regarded as 
brackish water animals, and very little 
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thought is given to possible difference of 
salinity tolerance in the various species 
and genera of the family. Actually the 
range of salinity tolerance and optimum 
in which the oysters thrive are different 
for the various living species. There are 
species that inhabit brackish waters and 
species that do not. The former are 
more conspicuous, better known, and more 
populous than the latter. Therefore, it 
is not possible to conclude that the fos- 
sil species were brackish water inhabi- 
tants without imvestigating their geologic 
occurrence and associations. 

In many cases where data are available 
to the writer, the fossil oysters of the 
genus Cubitostrea are associated with 
fossils which were most probably truly 
marine. Among these associates are com- 
pound and single corals, such as Amp/i- 
helia, Balanophyllia, Endopachys, Flabel- 
lum, Madracis, Turbinolia, etc., and 
echinoids such as Fibularia texana 
( Twitchell) and the sand dollar Proscutella 
mississippiensis (Twitchell). A similar ob- 
servation was made by J. Gardner (1945), 
who observed Cubitostrea sellaeformis 
(Conrad) associated with many solitary 
corals referable to Balanophyllia and Fla- 
bellum in Mexico. Possibly some of the 
corals could endure brackish water tem- 
porarily, but it seems improbable that they 
thrived in a brackish water environment. 
These associates indicate that the environ- 
ment was either truly marine or only 
slightly brackish or only temporarily 
brackish. Locally one or another of the 
associates is quite abundant in the oy- 
ster-bearing beds. They are not every- 
where abundant, but at least a few 
specimens always can be found in the 
same bed iff which the oysters are 
common. Another characteristic of these 
beds is that they are not true oyster beds, 
that is, beds composed overwhelmingly 
of one oyster species with hardly any ad- 
mixtures of other fossils. On the con- 
trary, in nearly all instances the oyster 
beds containing Cubitostrea are multi- 
specific, that is, they contain a rich and 
varied faunule in which many different 
biologic groups are represented. It is 


almost axiomatic that brackish water oy- 
ster beds are paucispecific, that is, com- 
posed of a very few species some of which 
may be represented by great hordes of 
individuals. Brackish water environment 
is a highly specialized environment into 
which only a few hardy species can pene- 
trate. These few species are compara- 
tively free of competition and enemies and 
they can multiply enormously. Pauci- 
specific oyster beds are, of course, known 
from the Tertiary of the Gulf Coastal 
Plain, but none of the beds under discus- 
sion are of this type. 

The distribution of Cubitostrea lisbonen- 
sis (Harris) is particularly interesting. 
This species ranges from the typical, 
heavy-shelled form to a thin-shelled, more 
irregular form. The forms grade into 
each other laterally in the strata but never 
occur side by side in the same bed. Each 
is geographically restricted. The heavy- 
shelled form occurs in the lower Weches 
formation from central Leon County in 
east Texas eastward ; the thin-shelled form 
occurs in the same beds westward from 
central Leon County. Also, as one as- 
cends the stratigraphic column of the lower 
Weches formation, the heavy-shelled form 
grades upward into the thin-shelled form, 
but again the two do not occur together 
in the same bed. The heavy-shelled form 
occurs only in the lower part of the 
Weches formation, the strata of which are 
transgressive over the Queen City forma- 
tion and rest on that formation with a 
widespread cdisconformity. 

The typical, heavy-shelled form of Cu- 
bitostrea lisbonensis (Harris) occurs in 
the basal, transgressive strata of the 
Weches formation that show obvious 
traces of ancient wave action. There are 
well-rounded boulders of limestone up to 
7 inches in diameter with molluscan bore 
holes, layers of rolled and worn fossil 
shells, and coarse glauconite grains. The 
strata tend to be massive, showing few 
traces of bedding. This seems to indi- 
cate that the sediments were repeatedly 
disturbed, being reworked by waves and 
by burrowing benthonic shore animals. 

The robust build, the thickness of the 
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valves, the simplicity of rib pattern, the 
usual absence of fine, thin, squamate imbri- 
cations on the shell of the typical, heavy- 
shelled form of this oyster are apparently 
adaptations to life in the zone of wave 
action and shifting sediments. In this 
connection it should be noted that the at- 
tachment scar of the left valve of this oy- 
ster is small or missing. Evidently many 
individuals were not attached to anything 
but were lying free on or partly in the bot- 
tom sediment. The specimens with small 
attachment scars were fixed to objects in 
their youth, but in later life these objects 
were not sufficiently large and heavy to 
anchor the shells firmly and the animals 
assumed a virtually free position of re- 
pose. Similar conditions are found today 
among some living oysters. 

Wherever the lower Weches strata 
merge upward into sediments which lack 
obvious signs of wave action, the heavy- 
shelled form of Cubitostrea lishonensis 
(Harris) is replaced by the thin-shelled 
form. The beds which enclose this form 
are usually shaly and thinly bedded; the 
glauconite grains are fine. The _ thin- 
shelled form is usually associated with 
other delicate species, such as thin-shelled 
pectens and fragile bryozoans. Its sur- 
face ornamentation consists of fine, thin, 
squamate imbrications that would not 
have been preserved had the shell been 
exposed to wave action. Among its 
associates are corals, echinoids, and crabs, 
but these are usually represented only by 
a few specimens. 

By comparison with the typical, heavy- 
shelled form of Cubitostrea lisbonensis 
(Harris), the thin-shelled form looks im- 
mature. The former is usually larger, and 
in a given stratum and locality the propor- 
tion of large adults to small juveniles is 
much greater for the heavy-shelled than 
for the thin-shelled form. A striking fea- 
ture of the populations of the thin-shelled 
form in any one exposure is the great num- 
ber of very young and juvenile shells. 
These individuals either were buried by 
sediment before reaching their full size 
and maturity or died from other natural 
causes without being incorporated into 


the sediment immediately. The latter 
seems more probable because there are 
no signs of excessively rapid sedimenta- 
tion in these beds and because in case of 
quick burial old and fully grown shells 
should be fairly abundant too. The scar- 
city of old and fully grown shells of this 
thin-shelled form is a most striking fea- 
ture. It seems that the thin-shelled form 
lived on the fringes of the geographic 
range of the species where conditions 
were so unfavorable that only a few indi- 
viduals reached adult size. 

The chief ecologic distribution of this 
oyster species must have been in the zone 
of prevalent wave action and in normal 
marine waters. However, the thin- 
shelled ecologic form of this species must 
have lived in quiet waters which may have 
been slightly less saline than normal ma- 
rine waters. At no place did even the thin- 
shelled form enter brackish water lagoons 
extensively and build large flourishing oy- 
ster beds. 

Similar observations may be made on 
the other species of Cubitostrea of the 
sellaeformis stock. Hence it seems to the 
writer that the oysters of this stock did 
not enter brackish waters to a great ex- 
tent and flourished chiefly in shallow 
truly marine waters in the lower part of 
the zone of wave action in front of the bar- 
rier beaches,which separated the Tertiary 
Gulf of Mexico from its lagoons (Stenzel, 
1945). 

The oysters of the sellaeformis stock 
are found in great quantities at many lo- 
calities, and these localities have a wide 
geographic distribution. For instance, 
the species sellaeformis is found from 
Mexico to Maryland. Geological field 
evidence indicates that these oyster-bear- 
ing layers are continuous, and their oy- 
ster content is always a large one. Hence 
there were at these times large popula- 
tions present in an almost unbroken and 
continuous belt along the ancient shore. 
Whether these large populations were liv- 
ing continuously during the entire geo- 
logic time range of the sellaeformis stock, 
i.e., from Tallahatta time to the end of 
Cook Mountain time, it is not possible to 
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state definitely, because the chronologic 
record is incomplete. It is conceivable 
that during those times which left no geo- 
logic record of these oysters their popu- 
lations had shrunk to small size. No 
evidence can be adduced to prove such an 
assumption or to make it likely. On the 
contrary, there must have been an ancient 
Gulf of Mexico shore at all times no mat- 
ter where it was located owing to shore 
line shifts and no matter whether or not 
its shore deposits are now accessible to 
fossil collecting at the surface of the 
ground. Also this shore line must always 
have been a long one and must always 
have had plenty of locations favorable to 
these oysters. Wherever deposits made 
long ago seaward of the barrier beaches 
are exposed today at the surface of the 
ground, the oysters of the sellaeformis 
stock show large populations, and equally 
large populations should be assumed to 
have been present during all times of the 
evolution of this stock. 


CONCLUSIONS 


During the evolution of the sellaeformis 
stock the following features emerge or 
undergo progressive change: (1) size of 
shell increases, (2) thickness of shell in- 
creases, (3) auricles appear and increase 
in size, (4) shell outline changes from 
pronouncedly curved-triangular to mod- 
erately triangular to ovate, (5) valve com- 
missure changes from plane to slightly 
arched to highly arched, and (6) costae 
gradually fade out on the adult shell por- 
tion. Some of these features clearly go 
hand in hand in their changes, for in- 
stance, shell size and shell thickness. In 
such cases a logical explanation of the 
changes can probably be found. Among 
other features interrelation is more ob- 
scure and explanations are more difficult 
to realize. All-in-all, explanations offered 
here must remain speculative owing to 
the nature of the material at hand. In the 
following paragraphs a discussion is given 
of the possible origins or causes of some 
of these changing characters. 

Shell size and shell wall thickness go 
hand in hand to some extent in this group. 


The entire chain of species has a tendency 
to thick shell walls except C. smithvillen- 
sis (Harris). Even the smallest of the 
four species, Cubitostrea (Cubitostrea) 
perplicata (Dall), is unusually thick- 
walled for an oyster. But the last species 
of the chain, C. sellaeformis (Conrad), is 
not only large but very thick-shelled ; it is 
ponderous. Shell size and shell wall thick- 
ness must go hand in hand for structural 
strength of the shell at least in some cases ; 
the shell must be thicker if it is to be 
larger and able to withstand similar me- 
chanical stresses. The ponderous habit 
of C. sellaeformis (Conrad) therefore 
may be merely an end product of the 
process of size increase. 

Paleontologists have recorded many in- 
stances of gradual progressive increase in 
the size of adults among various phylo- 
genetic lives. It is a common trend’? 
among various kinds of animals. In fact 
this evolutionary trend is so common and 
in many instances so obvious that it was 
noted by early observers and is now 
considered somewhat of a law of evolu- 
tion. Cope and Deperet (1908) were the 
first to call attention to this trend. Most 
of the observations of this trend are on 
terrestrial vertebrates, and observations 
of that kind on mollusca are not as com- 
mon. Newell (1942, pp. 19-20) called 
attention to it in his study of late Paleo- 
zoic Mytilacea [ Mollusca, Pelecypoda], 
among which the genus M yalina admirably 
exemplifies this trend. Although Newell 
pointed out certain observational difficul- 
ties inherent in his material, he did come 
to the conclusion that progressive size in- 
crease of individuals in his material is so 
marked that it can be reasonably at- 
tributed to evolution. The size increase 
in the genus Cubitostrea also is regarded 
as an evolutionary feature, and the pos- 
sibility that this size increase is merely 


1 Trend is used here as a summation of ob- 
servable features showing progressive change 
in one direction only observable in a given 
chronologic chain of species. No connotation 
of momentum or drive is implied. Trend is 
merely a summation of observable or measur- 
able properties. 
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due to chance ecological or habitat dif- 
ferences among the four species of Cubit- 
ostrea, as represented in the collections, 
is regarded as very small indeed. The 
importance of these confirmations of this 
evolutionary trend among mollusca, as 
shown by Newell and in the present paper, 
lies first in the extension of the presence of 
this evolutionary trend not only in ter- 
restrial vertebrates, but also in mollusca, 
and second in the fact that in the mollusca 
this trend was active in enormously large 
interbreeding populations. 

Assuming for the present that the evo- 
lution of the Cubitostrea sellaeformis 
stock took place in a series of successive 
and large interbreeding populations, the 
ideas developed by W. E. Castle (1932), 
assume added significance. Castle indi- 
cated that phylogenetic size increase may 
be caused by competition among individu- 
als of the same species in a given popula- 
tion. The larger, or stronger, individu- 
als or those obtaining a large size earlier 
in life than others are favored in competi- 
tion with other individuals of the same 
neighborhood. Although the examples 
given by Castle were rabbits and mice, he 
regarded this consideration as equally well 
applicable to other kinds of animals. It is 
indeed probable that early attainment of 
large size may be quite advantageous 
among oysters living in a group or in a 
given vicinity, although it may not be 
possible to state definitely wherein the 
competition between the individuals may 
lie. This is then an example of the in- 
traspecific competition of Huxley (1942) 
as opposed to extraspecific competition. 
that is, the competition between different 
species. Where intraspecific competition 
is strong and outweighs extraspecific com- 
petition, those features will be favored that 


are of advantage to the individual rather 


than to the species as a whole. Such in- 
dividuals will have a greater survival value 
and will transmit their special distinctive 
features to succeeding generations. This 
may be the mechanism by which a gradual 
progressive size increase is accomplished 
in an evolving stock. It is also likely that 
intraspecific competition is fiercer in spe- 


cies with large contiguous populations 
than in those that have only small inter- 
breeding populations. This then possibly 
is the significance of the combination of 
phylogenetic size increase and large inter- 
breeding populations. Normally there is 
in each species some degree of intraspecific 
competition as well as the ever-present ex- 
traneous competition, and a species in a 
balancéd condition, that is, one with a 
stabilized interbreeding population size, 
has a fine balance between effects and 
features of intraspecific and extraneous 
competition. The degree of intraspecific 
competition that can be tolerated without 
pernicious effect must depend on a multi- 
tude of factors, one of which may very 
well be the size of the interbreeding pop- 
ulation. 

It has been pointed out by Huxley 
(1942) that intraspecific competition 
favors features that are of advantage to 
the individual but not necessarily to the 
species as a whole. Long continued evolu- 
tion under strong intraspecific competi- 
tion may then lead to the appearance of 
features and their diffusion in the spe- 
cies that are either deleterious to the spe- 
cies as a whole or make the species vul- 
nerable to extinction. It is possible that 
the great size attained by Cubitostrea sel- 
laeformis (Conrad) was such a feature and 
predisposed the species to extinction as 
soon as rapidly changing conditions of 
one sort or another were encountered. 
The C. sellaeformis (Conrad) disappeared 
with the extensive shore line shifts at the 
end of Cook Mountain time and did not 
survive into Jackson group time. 


SUMMARY 


The fossil oyster Cubitostrea sellae- 
formis (Conrad) from the Middle Eocene 
of the Gulf Coast is a peculiarly shaped 
end member of a provincial and divergent 
off-branch of the genus Cubitostrea. The 
successional evolution of this off-branch 
can be traced through four separate spe- 
cies, which lack intergrading populations 
owing to gaps in the geologic record. 

This off-branch evolved in the ancient 
Gulf of Mexico, where it existed in large 


—— 
~ 


50 H. B. STENZEL 


interbreeding populations, and became ex- 
tinct with the extensive withdrawal of 
the sea at the end of the Middle Eocene. 
Peculiar features of this off-branch, cul- 
minating in the C. sellaeformis (Conrad), 
are increasing shell size and shell wall 
thickness, development of increasingly 
large shell auricles, increasing oblitera- 
tion of the costae of the left valve, disap- 
pearance of the triangular shell outline, 
and development of a highly twisted shell. 

The progressive increase in size in this 
off-branch recalls similar observations in 
other animal groups. It is considered 
probable that early attainment of large 
size may be quite advantageous among 
oysters living in a group or in a given 
vicinity due to intraspecific competition. 
Individuals which attain large size early in 
life may have greater survival value and 
may transmit their distinctive features to 
succeeding generations. This may be 
the mechanism by which a gradual pro- 
gressive size increase is accomplished in an 
evolving stock. Intraspecific competition 
is probably fiercer in species with large 
contiguous populations than in those that 
have only small interbreeding popula- 
tions. This may possibly be the signifi- 
cance of the combination of phylogenetic 
size increase and large interbreeding pop- 
ulations. 
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The best known recent work on rates 
of evolution is probably that of Simpson 
(1944), though Small’s (1945, 1946) 
work on diatoms is more extensive. Small 
is concerned with the origin of species, 
which in this group seems to be a sud- 
den or almost sudden process. Simpson 
compares evolutionary rates in different 
groups mainly by means of data on the 
origin and extinction of genera. Now 
among living animals and plants the dis- 
tinction between genera is much less ob- 
jective than that between species. On the 
other hand the paleontologist often finds 
it hard to be sure of differences less than 
generic. Moreover the criteria of gen- 
eric distinction are certainly different in 
different groups. For example good sys- 
tematists from Linnaeus onward have as- 
signed the polecat (Mustela putorius) and 
the ferret (artes furo) to different gen- 
era, while in fact they give quite fertile 
hybrids and are probably to be regarded 
as at most subspecifically different. On 
the other hand I know of no viable, let 
alone fertile, hybrids between animals as- 
signed to different genera of Diptera or 
Amphibia. This sugests that animals are 
rather more readily placed in different 
genera among mammals than in some 
other classes. And in view of the incom- 
plete character of the best fossil remains, 
the systematics of extinct animals are cer- 
tainly less uniform than that of living 
ones. 

On the other hand the dimensions of a 
solid organ, such as a tooth, a shell, or a 
bone, are often measureable with great 
precision; and when we have a series of 
fossil populations believed to form a line- 
age, we can calculate the rate of change of 
the mean value of any measure. In speci- 
fying a rate we must have scales for the 
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time and for the character. From data on 
radioactivity we have a fairly precise 
measure of the duration of the whole ter- 
tiary period, and less accurate dates within 
it; and estimates of ten million years dur- 
ing this period are not likely to be out 
by much more than 25%. The precisely 
dated strata from earlier rocks are not so 
common. The error is likely to be a good 
deal greater in paleozoic or mesozoic ma- 
rine deposits where we have continuous 
records over some millions of years, as in 
the English chalk or Lias. Here esti- 
mates of time may very well be out by a 
factor of 2, but are hardly likely to be so 
by a factor of 10. 

As biologists we should like to be able 
to measure time in generations. In a fair 
number of insects the generation is ex- 
actly a year, in others there are two gen- 
erations per year, and soon. Where gen- 
erations overlap, as in most vertebrates, 
we can theoretically define a mean gener- 
ation length exactly by definite integrals 
if we have life and fertility tables. In fact 
we can never do so for fossil forms. But 
we can be fairly sure that for a small ro- 
dent the mean generation length was less 
than a year, for most ungulates more so. 
For mammals not larger than a cow we 
may be fairly sure that it was under ten 
years. The longest mean interval be- 
tween sexual generations is probably to 
be found in clonally propagated inverte- 
brates such as corals, where it may pos- 
sibly extend over centuries. 

If evolutionary rates depend on muta- 
tion rates (which is doubtful), the year 
is as natural a unit as the generation. For 
it seems possible that the intensity of na- 
tural radiation produces a minimum mu- 
tation rate per unit of time which is often 
exceeded (as in Drosophila) but below 
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which mutation cannot fall (Haldane, 
1948). If however evolution depends 
more on selection, the generation seems 
the more suitable unit of time, though it 
is of course less accurate. 

In the case of a metrical character the 
simplest and most accurate measurements 
are linear. Even if we have as few as ten 
specimens of an adult mammalian tooth 
we can often state their mean value with 
a standard error of as little as 2%. For 
an index, that is to say a ratio of lengths, 
the precision is often somewhat greater. 
If we wish to compare the rates of change 
of different organs, or of the same organ 
in different genera, it is clearly best to do 
so by comparing changes on a basis of 
percentage rather than absolute length. 
That is to say we shall do better to say 
that one bone length has increased by 10% 
and another by 20% in a million years 
than that one has increased by 1 cm and 
another by 30 cm. 

Now suppose that in the time ¢ the 
mean length of a structure has increased 
from x, cm to x, cm, the mean value of 
the proportional rate of change 

1 dx d 
dt or dt ( OL. x) 


is 


loge X2 — loge x1 
t 


Thus if a tooth length doubles in ten mil- 
lion years, the natural logarithm increases 
by .693, and its mean length increases by 
a factor of 1 + .693 x 10° per year, or 
with a 5-year generation, by 1 + 3.5 x 
10°? per generation. The figure 7 x 10° 
can be regarded as a measure of its rate 
of evolution. 

If our measures are made on mam- 
malian adult teeth, the inner whorls of 
ammonites, or other structures not sub- 
ject to growth or reabsorption, we can 
work with linear measures or more rarely 
areas or weights. If however we are 
concerned with vertebrate bones it will 
be better, where possible, to choose a 
measure of shape which does not change 


much with the age of the animal con- 
cerned. Where this is a ratio of lengths, 
such as a cranial index, matters are sim- 
ple. Where it is an angle or an index of 
allometric growth, we shall meet with 
complications. Thus although our mea- 
sure of evolutionary change would be the 
same if we measured our angle in degrees 
or radians, it would be altered if we mea- 
sured the change in tan 6 instead of 6. 
And in the case of the allometric equa- 
tion y = @x* it would be better to mea- 
sure a rather than log, a, since a is ef- 
fectively a logarithm. 

We may also take as our unit of change 
the increase or decrease of a mean value 
through one standard deviation of the 
character in question as determined from 
a population found at a single horizon. 
Such standard deviations are not so ac- 
curately known as the means. But since 
coefficients of variation of dimensions of 
homologous structures are generally 
nearly equal in related species, we can 
use this fact with some confidence when 
populations are too small for their vari- 
ance to be determined accurately. 

The use of the standard deviation as a 
yardstick has a certain interest because, on 
any version of the Darwinian theory, the 
variation within a population at any time 
constitutes, so to say, the raw material 
available for evolution. It must however 
be added that since the fossil record con- 
sists mainly of the hard parts of adults 
which have already undergone some na- 
tural selection, this selection will already 
have reduced their variance appreciably. 
It may be noted that if two fossils differ 
by more than about four times the stand- 
ard deviation of the populations from 
which either is drawn they would be re- 
garded as almost certainly derived from 
different species, on the basis of the metri- 
cal character under consideration alone. 


EvoLuTIONARY Rates IN Horses AND 
DINOSAURS 
Any measures of evolutionary rate made 
in this way will refer to particular metrical 
characters, and paleontologists are natu- 
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TABLE 1. Mean annual rates of increase of two lengths and their ratio 
Paracone | Ectoloph Ratio 
Hyracotherium- Mesohippus 3.6 | 2.3X 107% 107% 
Mesohippus-Hypohippus 5.8 107° 107° 
Merychippus-Neohipparion 8.6 0.8X 10-* 


rally most interested in those which are 
evolving most rapidly. Others however 
remain stationary over very long periods. 
For example the constants a and £ in the 
allometric equation y = 8x*, where x is a 
“horse’s” skull length and y its preorbi- 
tal length, did not change appreciably 
from Hyracotherium to Equus, while the 
ratio of lateral digit length to cannon bone 
length was also constant over the same 
range, except for one very abrupt change 
(Robb 1935, 1936). 

Let us now evaluate some rates on these 
lines. I use the data of Simpson’s (1944) 
table I concerning the paracone height and 
ectoloph length of unworn M®* of five 
“horse” species, Hyracotherium borealis, 
Mesohippus Bairdi, Merychippus panien- 
sis, Hypohippus osborni, and Neohippar- 
ion occidentale. I take the time intervals 
from Hyracotherium to Mesohippus to be 
16 million years, from Mesohippus to 
Merychippus and Hypohippus 14 million 
years, from Merychippus to Neohipparion 
5 million years. The first two figures, at 
least, are probably not more than 25% 
out. 

The mean rates per year are given in 
table 1. 

The calculation is as follows. In 16 
million years the mean paracone height 
increased from 4.67 to 8.36 mm. The na- 
tural logarithms are 1.5412 and 2.1235. 
The rate is therefore 0.5823/16 x 10° or 
3.6 x 10°*. As Simpson points out, the 
ratio, which is a measure of hypsodonty, 
is the most interesting of the quantities 
considered, since it is likely to be little 
affected by a mere increase in the animals’ 
size. All the evolutionary rates are posi- 
tive in this case, but that of ectoloph length 
from Merychippus to Neohipparion is not 


significantly so on the samples quoted by 
Simpson. The figure 3.6 xX 10° means 
that the paracone height increased on an 
average by 3.6% per million years, and so 
on. The median is about 4 x 10°. 

The average length of a generation is 
unknown, but it can hardly have been less 
than 2 years in Hyracotherium nor more 
than 8 years in Neohipparion. To obtain 
the evolutionary rate per generation we 
must therefore multiply these figures by 
factors of 2 to 8, giving a median rate per 
generation of about 2 x 10°. The co- 
efficient of variation of the tooth measure- 
ments was about 5% (4.6% to 6.2%) ex- 
cept in Hypohippus of which there were 
only 4 specimens with the high value of 
14%. The coefficients of variation of the 
ratios varied between 2% and 4.5%, with 
a median value of 3.4%. If 100 V is the 
coefficient of variation, the time taken to 
move the mean through one standard de- 
viation is approximately * 


Vt 
loge loge Xx) 


‘When the mean, x, moves through one stand- 
ard deviation we may consider that x moves from 


x=mtox = m+ ox but V = by definition, 


hence ox = mV, m+ ex = m+mV = m(1 + 
V), hence x moves from m to m(1 + V) and 
log-x from logem to logem+log (1+ V). 
Expanding log.(1 + V) by Maclaurin’s theorem 
we have: 


Now as V is much less than one, V?, V?, V‘, etc. 
are very small numbers and we may safely write 
the approximation log, (1 + V) = V. The log 
of the mean thus moves through a distance V 
and as the time taken to move a given distance 
may be expressed as distance divided by rate, 
the above formula is obtained. 
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In the case of the evolution of the para- 
cone of Mesohippus from H yracotherium, 
the mean value of V is .055, so the time 
needed was 1.5 x 10® years or about half 
a million generations. Similar calculations 
could be made in the other cases, but this 
value is representative. About five times 
as long would be needed before a specific 
distinction could be made with confidence 
on the basis of a few metrical characters 
evolving at this rate, though of course if 
there were numerous diagnostic charac- 
ters the time would be considerably less. 
Since the indices are less variable than 
the linear measurements, their rates of 
evolution, measured in standard devia- 
tions, are about as high as those of the 
linear measurements. 

Data are given by Colbert (1948) on 
the increase in length of six suborders of 
Dinosaurs during the mesozoic era. The 
figures are taken from his graphs of figs. 
4 and 5, and are probably rather less ac- 
curate than Simpson’s data. 


Suborder Annual rate 
Sauropoda 3.0 «10-8 35 
Stegosauria 2.1 «10-5 30 
Theropoda 2.0 x10-% 97 
Ornithopoda 2.2 «10-* 60 
Ankylosauria 10-* 40 
Ceratopsia 6.1 «10-5 22 


Further among the Ceratopsia the mean 
rate of evolutionary length increase from 
Protoceratops to Monoclonius was 15 X 
10°° over 7 million years, from Mono- 
clonius to Triceratops 1.7 X 10°* over 18 
million (the dates of Triceratops given in 
the two graphs are slightly different). 
These figures are slightly less than the 
figures for Equidae, with one exception. 
However a generation was probably con- 
siderably longer in the large dinosaurs 
at least than in the Equidae. Since Col- 


bert’s graphs are given on a basis of ac- 
tual length, the increase of the Ceratop- 
sians from 1.7 to 6.5 meters in 22 million 
years appears less impressive than that 


of the Sauropoda from 6 to 17 meters in 
35 million years. On my reckoning he is 
fully justified in stressing the rapidity of 
their evolution. 


EvoLUTIONARY RATES IN HoMINIDS 


Another example may be taken from 
the evolution of our own species. Some 
workers regard Sinanthropus as a pos- 
sible ancestor of Homo. Others think 
that more advanced forms typified by 
Eoanthropus were contemporaneous with 
Sinanthropus and nearer our ancestral 
line. If so the evolutionary rates were 
less, perhaps by a factor of 2, but hardly 
by a factor of 5, than those which may be 
calculated on the hypothesis that Sinan- 
thropus was actually ancestral. Weiden- 
reich (1943) gave a number of exact fig- 
ures for linear measurements of skulls of 
Sinanthropus pekinensis and Homo solo- 
ensis, with more conjectural ones for 
cranial capacity. 

The majority of measures of length do 
not differ significantly from those of 
Homo sapiens. Thus the mean maximum 
length (glabella to opisthocranion) is 
193.6 mm in Sinanthropus and 185.6 in 
H. sapiens. The mean “maximum” 
breadths are given as 141.0 and 133.6 
On the other hand the heights are very 
different. Unfortunately basibregmatic 
height in Sinanthropus can only be esti- 
mated from a reconstruction. But 4 
heights (2 doubtful) of the opisthion 
above the Frankfurt horizontal averaged 
104.6 as compared with 136.1 in H. 
sapiens, while 5 auricular heights above 
the same plane averaged 98.4 as com- 
pared with 113.5 in H. sapiens. The 
greater cranial capacity of H. sapiens is 
partly due to increased height and partly 
to reduction of the bone which leaves more 
room for the brain. 

Since the sex of the Sinanthropus skulls 
is not known with certainty, it is not cer- 
tain what figures for H. sapiens should be 
taken as comparable. It is better there- 
fore to compare height-length indices, 
which are almost independent of sex and 
cranial capacity in modern man ( Pearson 
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and Davin, 1924). We find that the ra- 
tio of length to opisthion height has risen 
from .541 + .013 to .736. There is an- 
other reason for choosing this index. 
Weidenreich gives it for Pithecanthropus 
(one skull), Homo soloensis (six skulls) 
and H. neanderthalensis (six skulls). 
The values are .521, .518, and .596. That 
is to say Sinanthropus was nearer to 
modern man in this respect than was 
Homo soloensis, although the latter is 
attributed to the upper Pleistocene. The 
difference of the natural logarithms of .541 
and .736 is .3078. If with Zeuner (1946) 
we take the date of Sinanthropus as — 
500,000, we obtain a mean annual evolu- 
tionary rate of —6.2x 10" for the 
length/height index. Even if we sup- 
posed that the common ancestor of Sinan- 
thropus and Homo sapiens lived in the up- 
per pliocene a million years ago, and that 
since his separation from our ancestral 
stock the skull height of Sinanthropus had 
not increased at all, we should be left 
with the high annual rate of 3 x 10°. 
If we use the standard deviation yard- 
stick, we find that length/height indices 
have coefficients of variation of about 4% 
in modern populations, so the number of 
years needed to move through a standard 
deviation is about 70,000. But the most 
striking evidence of the rapidity of human 
evolution in this respect is obtained if we 
try to reckon time in generations. The 
age of human or sub-human puberty may 
have increased considerably in the last 
million years. But it is hard to suppose 
that the mean length of a generation, even 
of Sinanthropus, was much under 20 years. 
If we allow this very short period, the 
number of generations needed for the 
mean to change through a standard de- 
viation is 3500, and only 7000 if we put 
back the equivalent stage in human evolu- 
tion to a million years. This is to be 
compared with a minimum value of about 
200,000 generations in the Equidae. 


STANDARDS OF EVOLUTIONARY CHANGE 


I do not suggest that any particular 
weight should be given to this comparison. 


This would only be justified when quite a 
number of different structures had been 
compared, and particularly homologous 
structures in different lineages. However 
I believe that our knowledge both of ab- 
solute geological time and of some pale- 
ontological lineages is sufficient to allow 
many further calculations of this type to 
be made. It is equally clear that they can 
only be made satisfactorily by paleontolo- 
gists. And it is likely that better indices 
of evolutionary rate can be made than any 
which I have suggested. It will be par- 
ticularly important to characterize slow 
rates of evolution. Thus if a length or 
an index in a brachiopod line has not 
doubled or halved since the middle Cam- 
brian, its annual evolutionary rate is less 
than 1.5 x 10°. It may be found de- 
sirable to coin some word, for example a 
darwin, for a unit of evolutionary rate, 
such as an increase or decrease of size by 
a factor of e per million years, or, what is 
practically equivalent, an increase or de- 
crease of 1/1000 per 1000 years. If so 
the horse rates would range round 40 
millidarwins, and rates much under a mil- 
lidarwin would be hard to measure. Rates 
of one darwin would be exceptional in na- 
ture. But domesticated animals and plants 
have changed at rates measured in kilo- 
darwins, though not megadarwins. 

If the mean rate of change in linear 
measurements per generation is fairly 
often of the order of 10-*, but rarely very 
much greater, we can draw some tentative 
conclusions. Genes are known in mam- 
mals which alter skeletal measurements 
by several per cent, without any obvious 
pathological effect. For example the gene 
b (brown) in mice increases body length 
by about 1.5% when homozygous (Castle, 
1941). If genes with such a large effect 
played a part in the evolution of the 
Equidae, the substitution of such a gene 
for its allelomorph cannot have occurred 
more often than once per 300,000 years in 
the history of this family. It is more prob- 
able that most of the genes concerned had 
smaller effects. 

Again the median figure of 4 x 10° 
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(40 millidarwins) for the Equidae implies 
that the means were increased by a stand- 
ard deviation in about half a million gen- 
erations. That is to say if selection was 
acting at much the same rates on most of 
the genes responsible for variation, a ma- 
jority of them, were replaced by allelo- 
morphs in a few million generations. Such 
calculations are extremely rough, but they 
suggest the remarkably small order of 
magnitude of the selective “forces” which 
are at work if natural selection is largely 
responsible for evolution, and the extreme 
difficulty of demonstrating them in action. 
It is ig no way surprising that progressive 
changes in gene frequencies in nature 
have only been observed in a few species. 
The fact that they have been observed at 
all is indeed probably only due to man’s 
alteration of natural conditions. 

The slowness of the rate of change also 
makes it clear that agencies other than 
natural selection cannot be neglected be- 
cause they are extremely slow by labora- 
tory standards or even undetectable dur- 
ing a human lifetime. The observed rates 
of mutation are quite large enough to ac- 
count for evolutionary changes. Thus a 
mutation rate of 1 in a million at the 
brown locus in mice would, if unopposed, 
give a rate of change in the length of mice 
reaching a maximum of 7 x 10°° per year, 
a quite substantial rate. The reason why 
most biologists do not believe in mutation 
as a driving force is because such a gene 
would be expected to confer a selective 
advantage or disadvantage of much more 
than one millionth; and therefore natural 
selection, rather than mutation, would de- 
cide the direction of evolution. We are 
not yet in a position to deny the possibility 
that under some environmental circum- 
stances particular genes may mutate in na- 
ture with frequencies of 10-* per genera- 
tion, as a few genes do in cultivated plants, 


or that cytoplasmic changes of equal or 
greater rapidity may occur. Such rates 
cannot be frequent, or evolution would be 
quicker than it is. But they might deter- 
mine the course of evolution in particular 
cases. It is premature to suggest that they 
do so, but not perhaps to suspect that they 
may. 

I have to thank Mr. K. A. Kermack for 
valuable advice and criticism. 


SUMMARY 


Suggestions are made for the measure- 
ment of evolutionary rates of metrical 
characters. The unit of time may be the 
year or the generation. The unit for the 
character may be a unit increase in the 
natural logarithm of a variate, or alterna- 
tively one standard deviation of the char- 
acter in a population at a given horizon. 
Examples are given from mammalian pale- 
ontology of the calculation of such rates. 
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INTRODUCTION 


This paper is a sequel to a more com- 
plete study of family-size in the Starling 
(Sturnus vulgaris) (Lack, 1948a). The 
hypothesis was there advanced that clutch- 
size is ultimately limited by the average 
maximum number of young which the 
parents can raise. In a large brood, each 
nestling is fed less often by its parents 
than in a small one. This does not affect 
the nestling mortality, because in small 
passerine birds undernourishment does 
not usually lead to death in the nest. In- 
stead, there is much individual variation 
in the fledgling weight. Presumably for 
this reason, the mortality among the young 
in the first two months after they leave the 
nest is greater among those from large 
than those from small broods. As a re- 
sult, broods of larger size than the average 
do not give rise to more eventual survivors 
than broods of average size. 

In the present paper, the above prob- 
lems are investigated for four European 
species in the thrush family Turdidae, 
namely Blackbird (Turdus merula), Song 
Thrush (T. ericetorum), Robin (Eritha- 
cus rubecula) and Redstart (Phoenicurus 
phoenicurus). As the vernacular names 
of three out of these four species connote 
different species in the U. S. A., Latin 
names have been used in this paper. 
Analysis is based primarily on data from 
the British Trust for Ornithology Hatch- 
ing and Fledgling Enquiry and the British 
Birds Marking Scheme, with additional 
data from the Institute for Plantenziek- 
tenkundige Dienst, Wageningen, Holland, 
kindly supplied by Dr. H. N. Kluijver. 
The raw data are deposited at the Edward 
Grey Institute, Oxford. As the methods 
of analysis are the same as those adopted 
in the previous paper, they are described 
here only briefly. 


Evo.tution 3: 57-66. March, 1949. 


EGG AND NESTLING SURVIVAL 


In Britain and Holland, the usual clutch 
of T. merula and T. ericetorum varies be- 
tween 3 and 5 eggs, that of E. rubecula 
between 4 and 6 eggs, and that of P. 
phoenicurus between 5 and 7 eggs. In 
Britain, amateur ornithologists fill up nest- 
records cards, giving the number of eggs 
laid, young hatched, and young raised, with 
dates, for each nest found. From these 
records, nesting success has been analyzed, 
as set out in tables 1 and 2. The parallel 
data from Holland give the clutch-size, 
with date of first egg, and the number of 
young seen alive on the observer’s last 
visit, and the results of these data are 
analyzed in table 3. In analyzing nesting 


success, losses of entire clutches or broods’ 


are best omitted, as they are due mainly to 
predation. Hence the right-hand columns 
of tables 1, 2 and 3 are the most impor- 
tant, and from these it can be seen that the 
percentage of young raised shows no sig- 
nificant variation with brood-size in any 
of the four species studied. The result 
is similar if losses of entire broods are in- 
cluded. Hence the data for the four spe- 
cies of Turdidae abundantly confirm those 
obtained for the Starling, that nestling 
survival is similar for broods of all the 
normal sizes found in nature. Much less 
complete data available for other species 
suggest that this state of affairs probably 
holds in most small passerine species, 
with the exception of the titmice (Parus 
spp.), to be discussed in a later paper. 
Outside the passerine order, it is prob- 
ably unusual. 


PosT-FLEDGLING SURVIVAL 


The mortality in the first few months 
after the young leave the nest has been 
analyzed in the same way as for the 
Starling. Those young which survived 
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TABLE 1. Survival of eggs (British data) 


Number of a 
eggs laid hatched 
Num- 
Clutch- All ber of All 
size clutches | young clutches 
All except | hatched) All except 
clutches those clutches those 
with 100% with 100% 
mortality mortality 


(i) Blackbird (Turdus merula) 


] 
3 0 
2 12 8 
3 | 162] 123 | 109| 67 | 89 
4 444 | 404/ 63 91 
5 | 255| 180 | 163| 64 | 91 
6 18 15 eal 
Total | 1094 | 770 | 699) 64 91 


(ii) Song Thrush (Turdus ericetorum) 


broods of larger size, then the recovery- 
rate should be higher for the young from 
broods of smaller size, as was found in 
the case of the Starling. The results for 
T. merula, T. ericetorum and E. rubecula 
are set out in table 4. Those for E. rube- 
cula are too sparse to permit of any con- 
clusions, and are omitted from further 
discussion. 

As there are seasonal variations in 
brood-size (see later), the data in table 4 
were first analyzed for each month sepa- 
rately. However, in each species, the re- 
sults proved to be closely similar for the 
different months, so that all months were 


TABLE 2. Nestling survival (British data) 


Number of young % hatched young 

1 1 0 0 hatched leaving nest 

2 6 6 — | — Num- 

3 42 36 31 74 | 86 — “ne young | x... 

4 460 348 307, | 88 An | except | an | except 

5 230 200 182 79 OC 91 broods | _ those 7 broods | __ those m 
Total | 739) 590 | 525) 71 89 “mortality. “mortality. 

(iii) Robin (Erithacus rubecula) (i) Turdus merula 

2 2 2 | | 1 7 5 si — — 

3 42 DD i @& 79 CO} 85 2 86 68 65 76 96 

4 172 128 | 116; 67 | 91 3 276 228 216 | 78 95 

5 700 560 512 73 | 91 4 652 536 514 79 96 

6 | 468 336 | 318) 68 95 5 | 215| 175 | 174| 81 | 99 

7 42 42 32 76 | 76 6 6 6 6 —};-— 
Total | 1426 | 1107 | 1012} 71 | 9 Total | 1242 | 1018 | 980)| 79 | 96 

é' (ii) Turdus ericetorum 

for at least three months after banding 
have been assessed as “successful,” and 1 | 8 Sf26i—} — 
the brood-sizes from which these suc- 2 50 
cessful survivors came have been com- : | | 
pared with the brood-sizes of all fledglings 5 | 315 | 260 | 248| 70 | 95 
originally banded. It is assumed that the Total | 1034 839 | 808 78 | % 
small sample of individuals recovered after : - 
they are three months old is representa- (iii) Erithacus rubecula 
tive (as regards original brood-size) of ‘ees 
the population surviving to this age. If 1 6 6 —— | = 
mortality in the first three months after 
banding is similar for the young from all 4 404 328 | 311 | 77 95 
brood-sizes, the recovery-rate for the birds 5 830 645 | 625 | 75 97 
surviving this period should be similar for 6 | 426) 324 | 317 | 74 98 
each brood-size. On the other hand, if | | 1473 1423) OF 
mortality is higher among the young from | 
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TABLE 3. Survival from egg to leaving 
nest (Dutch data) 


Clutch-size | Eggs taid | Vise 
(i) Turdus merula 
1 
2° i4 12 
3 147 134 91 
4 1040 937 90 
5 830 755 91 
6 78 69 88 
7 7 6 — 
Total 2116 1913 90 


(ii) Phoenicurus phoenicurus 


| 

1 1 1 
2 15 

3 102 79 
4 572 511 | 89 
5 1815 1582 | 87 
6 4566 4021 | 88 
7 3976 3532 89 
8 240 209 87 
9 36 29 | ~— 
Total 11,323 9979 «88 


! Omitting nests with 100% loss. 


grouped together. (An analysis by 
months is deposited at the Edward Grey 
Institute.) The results show that, in T. 
merula, the recovery-rate for young from 
broods of 2 and 3 is higher than for young 
from broods of 4 and 5, the difference be- 
ing statistically significant. For this spe- 
cies, therefore, the results appear to cor- 
roborate those for the Starling. In T. 
ericetorum, on the other hand, the recov- 
ery-rate,is similar for broods of all sizes. 
It seemed so unlikely that two species in 
the same genus would differ in this im- 
portant respect that a further test was 


applied. A particularly large number of T. 


merula and T. ericetorum were banded by 
a single observer, H. J. Moon, working 
in a restricted region in N. W. England 
(the Lake District). Moon’s data have 
been analyzed separately, and are shown in 
the second half of table 4. They agree 
with those for Britain as a whole: in T. 
merula the recovery-rate seems higher for 
young from broods of small than large size, 


though the difference is not statistically 
significant ; in T. ericetorum the survival- 
rate seems similar for broods of all sizes. 


TABLE 4. Survival after leaving nest 


Recovered more than 
Number of banded 3 months after banding 


Brood-size 
Broods Young Total Percentage 
(i) Turdus merula 
2 1405 2810 36 1.3 
3 2401 7203 105 1.5 
4 2547 10188 92 0.9 
5 599 2995 30 11 
6 12 72 3 ’ 
Total 6964 23268 266 1.14 
(ii) Turdus ericetorum 
2 1041 2082 19 0.9 
3 2051 6153 48 0.8 
4 3376 13504 111 0.8 
5 973 4865 45 0.9 
6 10 60 
Total 7451 26664 223 0.84 


(iii) Turdus merula (N. W. England) 


2 253 506 5 1.0 
3 530 1590 25 1,6 
4 690 2760 37 1.3 
5 218 1090 10 0.9 
6 5 30 — 
Total 1696 5976 77 1.3 


(iv) Turdus ericetorum (N. W. England) 


2 201 402 3 0.7 
3 551 1653 17 1.0 
4 995 3980 39 1.0 
5 371 1855 i 7 
6 4 24 
Total 2122 7914 79 1.0 
(v) Erithacus rubecula 
2 124 248 3 — 
3 216 648 14 — 
4 331 1324 15 — 
5 462 2310 | 22 — 
6 140 840 10 ~~ 
7 8 56 — — 
Total 1281 5426 64 1.2 


Note: The differences in (i) are statistically 
significant, but no others are. 
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The results in table 4 suggest that T. 
ericetorum differs from both T. merula 
and the Starling. However, in the previous 
paper it was shown that, in the Starling, 
the recovery-rate starts to decline (and 
mortality to rise) only when the brood- 
size exceeds the commonest size found in 
nature. In 7. ericetorum the commonest 
brood-size is 4; hence the critical test is 
to compare the recovery-rate for young 
from broods of 5 with that for young from 
broods of 4. Unfortunately, in T. erice- 
torum only 4865 young from broods of 5 
have been banded. If, on the average, a 
brood of 5 young gives rise to the same 
number of eventual descendants as a 
brood of 4, the recovery-rate for individual 
young from broods of 5 should be 4/5 
that of individual young from broods of 
4. In that case, as 13,504 banded young 
from broods of 4 resulted in 111 re- 
coveries, one would expect 4865 banded 
young from broods of 5 to result in 32 re- 
coveries. In fact, as shown in table 4, 
there were 45 such recoveries (a result 
which fits the view that young from 
broods of 5 survive quite as well as young 
from broods of 4). However, the differ- 
ence between 45 and 32 recoveries is not 
statistically significant. Hence the re- 
sults for T. ericetorum do not necessarily 
differ from those for the Starling, though 
they appear to do so. There are, like- 
wise, insufficient data for 7. merula to 
make the critical comparison of survival 
from broods of 4 with survival from 
broods of 5. 


ApDAPTIVE MOopIFICATION 


On general grounds, it seems unlikely 
that two closely related species would 
differ fundamentally as regards survival 
in relation to brood-size. It may there- 
fore be tentatively suggested that T. mer- 
ula and T. ericetorum are really similar, 
and that the true state of affairs for both 
is intermediate between the result ob- 
tained for each in table 4; and that the 
departure of the data from this intermedi- 
ate position is due to random sampling, 
which by accident went in opposite direc- 


tions in the two species. This may not be 
the full explanation, but it is the simplest 
way of accounting for the differences on 
the evidence at present available. 

If all clutch-size differences were heredi- 
tary, one would expect individual young 
from broods of 5 to be 4/5 as successful as 
those from broods of 4. Then, a brood of 
4 or 5 young would give rise to the same 
number of eventual descendants; hence 
genotypes laying 4 or 5 eggs would be 
about equally favored by natural selection, 
and both types would persist in the popu- 
lation. However, this simple situation 
would hold only if all clutch-size differ- 
ences were hereditary. At the other ex- 
treme, all clutch-size differences might be 
adaptive modifications to suit the condi- 
tions at the time. If the same individual 
laid a larger clutch when conditions were 
more favorable, a smaller clutch when 
conditions were less favorable, for raising 
young, then, if the adaptation were perfect, 
the survival of the individual young would 
be similar from broods of all sizes. In 
fact, some adaptive modifications in clutch- 
size are known to exist. It seems likely 
that, in nature, both hereditary differences 
and adaptive modifications occur, and that 
the true situation is intermediate between 
the two extremes discussed above. In 
that case, one would expect the survival of 
individual young from broods of 5 to be 
more than 4/5 but less than 5/5 that of 
young from broods of 4, and similarly for 
other brood-sizes. The results obtained 
for both T. merula and T. ericetorum 
would not be in disagreement with this 
last hypothesis, but they are too few to 
settle the matter one way or another. In- 
deed, in view of the probable mixture of 
hereditary and non-genetic differences, an 
extremely large number of recoveries is 
needed to obtain a decisive result. 


VARIATION WITH AGE OF PARENT 


In the Starling, three modifications in 
clutch-size were described, associated with 
(i) age of bird, (ii) season of year, (ii) 
annual differences. For the four species 
studied in this paper, no new data are 
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available concerning the influence of age 
of parent on clutch-size. However, Ruiter 
(1941) has shown that in P. phoenicurus 
the average clutch of a one-year-old bird 
is 6.04 eggs, while that of an older parent 
is 6.51 eggs, the difference being statisti- 
cally significant. 


SEASONAL VARIATIONS 


Data from Holland in table 5 and from 
Britain in table 6 show that, in all four 
species studied in this paper, there are 
marked seasonal differences in average 
clutch-size. The British data on E. rube- 
cula are set out more fully elsewhere 
(Lack, 1948b), and those on 7. merula 
and T. ericetorum will be published more 
fully later by J. Fisher and E. T. Silva (in 
press). As mortality in the nest is simi- 
lar for clutches of different size (tables 2, 
3), variations in clutch-size will also be 
revealed by data on brood-size. Hence 
data on brood-size have been added in 
table 6. 


TABLE 5. Seasonal variations in 
clutch-size (Holland) 


(iii) Phoeni- 
curus phoent- 
curus 


(i) Turdus 
merula 


(ii) Turdus 
ericetorum 


Period * 


Num-} Aver- |Num-| Aver- |Num-| Aver- 
ber age ber age ber age 


(—9)-(—1)} 20) 4.0 4 | (4.0) 
0-9 81; 3.9 | 62) 4.1 


Total |981! 4.3 |561| 4.3 |3233| 5.93 


* Note: Ist April is taken as day 1, and sub- 
sequent days are numbered consecutively from 
it, e.g., 13th May is day 43. The day is the date 
of laying of the Ist egg. 


TABLE 6. Seasonal variations in clutch and brood-sise (Britain) 


Turdus merula Turdus ericetorum Erithacus rubecula 
Number Average | Number Average Number | Average 
(i) Clutch-size 
April 1st-28th 195 4.1 «783 5.0 
29th April-June 2nd | 208 4.2 | 23 | | 463 5.2 
June 3rd—30th 48 3.6 8 4.0 
July | 6 | 30 | is | 34 133 4.8 
Total | 483 3.9 | 810 | 4.2 1476 5.0 
(ii) Brood-size (omitting broods of 1) 
April 1168 | (3.02) 1715 | (3.43) 89 (3.71) 
May 3621 (3.38) 3420 | (3.65) 781 (4.25) 
June 1606 (3.58) 1924 (3.64) 331 (4.47) 
July and August 269 (3.09) 392 (3.34) 80 (3.78) 
Total 6664 (3.34) 7451 (3.58) | 1281 (4.24) 


Notes (i). Brood-size averages are rather higher than the true figures because broods of 1 are not 
specified as such by the banders, so have to be excluded. 


(ii). Dates refer to date on which clutch completed or brood banded. 


In the above species, the 


young are usually banded about 34% weeks after the clutch is laid. 
(iii). Clutch-size data are from British Trust for Ornithology Hatching and Fledging Enquiry, 


brood-size data from the banding schedules of the British Birds Marking Scheme. 


| | | 
10-19 |150) 4.1 | 75] 4.3 6} (6.3) 
20-29 | 161) 4.3 |102/] 4.5 | 125] 6.24 
30-39 |129| 46 | 74] 4.5 | 962) 6.27 
40-49 95| 4.5 | 63] 4.5 | 929] 6.24 , 
50-59 94; 46 | 4.5 | 421] 5.95 
60-69 75| 44 | 28! 4.3 | 327) 5.40 
70-79 66| 4.2 | 32) 4.3 | 368) 4.94 
80-89 43| 40 | 31!) 4.0 88| 4.41! 
90-99 37| 3.9 | 22] 4.0 7| (4.6) 
100-109 | 21| 3.9 9 | (3.7) i 
| | | 
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In all four species studied in this paper, 
average clutch-size is highest between the 
last week of April and the end of May, and 
is lower both before and after this period 
(except that P. phoenicurus does not 
breed before late April). A similar gen- 
eral trend of variation in average clutch- 
size is shown by many, but not all, 
European passerine species, though de- 
tailed data are not in most cases available 
(Lack, 1947). Continental ornithologists 
formerly claimed that, in passerine birds, 
the first clutch of the season is the largest, 
and that average clutch-size declines as 
the season progresses. This is nearly true 
in Central Europe where, owing to the 
late spring, most species do not start 
breeding until May, and it is also true of 
P. phoenicurus in Western Europe. But 
where, as in Britain, many passerine spe- 
cies start breeding im early April, the April 
clutch usually averages smaller than the 
May clutch; hence under these conditions 
the second clutch is usually larger than 
the first. 

A general trend suggests an adaptation. 
The hypothesis may therefore be ad- 
vanced that it is possible for the passerine 
species concerned to raise a family of 
rather larger size in late May or early 
June than in either April or late July. 
One factor which would work towards 
this state of affairs is the daylength, which 
is longer in late May and early June than 
in either April or late July. This gives 
the parent birds longer per day in which 
to collect food for their young. Hence, if 
other things are equal, the parents can 
bring more food per day, and so raise more 
young simultaneously in late May and 
early June than in April or late July. 

Other things, of course, are not equal. 
Variations in the quantity of food available 
for the young may be expected to play a 
more important part than daylength in de- 
termining the optimum family-size for 
each month. This is evident in the case 
of E. rubecula, in which the young are fed 
primarily on defoliating geometrid cater- 
pillars. In British woods, such caterpil- 
lars reach their peak of abundance in May 


and are scarcer before and after this 
month; average brood-size varies in a 
parallel way. The food of the other three 
Turdid species has not been studied in 
detail. 

Although the ultimate factor regulating 
clutch-size is considered to be the food 
for the young, the proximate factors which 
influence laying may be quite different. 
In £. rubecula, for instance, the food for 
the nestlings cannot directly influence the 
physiology of egg-laying in the parent 
birds, since the geometrid larvae have not 
yet appeared on the leaves when the birds 
lay their first clutches in April. The 
mechanism by which this and other spe- 
cies lay smaller clutches in April than in 
May is not known, but presumably the 
birds’ physiology is adapted to respond to 
one or more of the environmental factors 
which change with the season. Egg-col- 
lectors believe, though there is no proof, 
that in small passerine species a cold 
spring results in small, and a warm spring 
in large, clutches. Hence the rise in tem- 
perature might be an important proximate 
factor influencing clutch-size. However, 
this is far from certain, and, since ani- 
mals rarely respond to one factor alone, 
a combination of factors may well be in- 
volved. The decrease in average clutch- 
size in late summer also requires study; 
Kendeigh (1941) has suggested that high 
temperature may be concerned. 


ANNUAL DIFFERENCES 


Suggestive data are available that in E. 
rubecula average clutch-size is somewhat 
different at the same season in different 
years (Lack, 1946, 1948b). Much more 
extensive data are now available from 
Holland which prove this point for P. 
phoenicurus. In this species, average 
clutch-size does not start to decline until 
after May 19 (day 49 in table 5). Hence 
all clutches laid before day 49 can be 
grouped together, as in table 7. Table 7 
shows that, between the years 1922 and 
1936, average clutch-size varied between 
a minimum of 6.07 in 1922 and 1928, and 
a maximum of 6.46 in 1936. An analysis 
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of variance shows that these annual dif- 
ferences are statistically significant, with 
a probability greater than .05. 


TABLE 7. Annual differences in clutch-size 
for Phoenicurus phoenicurus in Holland 


Average 

Number of clutch- 
Year clutches size 
1922 88 6 07 
1923 103 6.24 
1924 98 6.21 
1925 94 6.40 
1926 91 6.13 
1927 76 6.24 
1928 125 6.07 
1929 103 6.18 
1930 130 6.32 
1931 158 6.32 
1932 103 6.31 
1933 173 6.31 
1934 174 6.29 
1935 147 6.20 
1936 136 6.46 
Total 1799 6.26 


Note: Standard error per clutch is 0.75. The 
standard error of the average of N clutches is 
0.75 


VN 


Insufficient data are available to test 
the same point for the clutch-size of T. 
merula and T. ericetorum. However, as 
already mentioned, differences in brood- 
size reflect differences in clutch-size, and 
there are abundant data on brood-size, 
hitherto buried in the banding schedules. 
These data were first analysed for Britain 
as a whole, and revealed significant dif- 
ferences in average brood-size in the 
same month in different years. However, 
the banding data were not necessarily 
drawn from quite the same parts of Britain 
in each year; hence there is a small pos- 
sibility that they might be influenced by 
regional differences in brood-size. To 
eliminate this objection, the data set out 
in table 8 are restricted to one region, 
namely H. J. Moon’s sample banded in 
N. W. England. This analysis shows 
that, for 7. merula in different years, aver- 
age brood-size varied between 3.14 and 
3.71 in May, and between 3.37 and 3.81 
in June, while for 7. ericetorum in June it 
varied between 3.42 and 3.92. An analy- 


sis of variance shows that these differ- 
ences are statistically significant, for T. 
merula with a probability exceeding .01 
and for T. ericetorum with a probability 
exceeding .05. For T. ericetorum in May, 
only a small variation in average was ob- 
tained, which was not significant. It is 
of great interest that, when a correlation 
test is applied, the annual variations in 
average brood-size in T. merula and T. 
ericetorum are found to be correlated, in 
both May and June, with a probability ex- 
ceeding .05, i.e., when brood-size is above 
average in one of the two species, it also 
tends to be in the other. This suggests 
that the clutch-size of the two species is 
influenced by the same factors. 

Annual differences in clutch-size were 
previously demonstrated for the Starling 
(Lack, 1948 a), they probably occur in the 
Yellowhammer (Emberiza  citrinella) 
(Parkhurst and Lack, 1946), while egg- 
collectors consider that they are found 
in many other British song-birds. Prob- 
ably they are widespread in small pas- 
serine birds in N. W. Europe. They also 
occur among certain African species which 
have larger clutches in years of good than 
poor rainfall (Moreau, 1944), and also 
among those rodent-predators (owls, 
hawks) which have abnormally high 
clutches in years of rodent plagues ( Lack, 
1947). 

The annual differences in clutch-size 
among the African species which depend 
on the rains, and among the rodent- 
predators, can reasonably be considered 
adaptive. The food available for the 
young of these species varies markedly 
in different years, and there are corre- 
spondingly large variations in average 
clutch-size, which in a favorable year may 
be double the normal figure. In such 
cases it is easy to see how natural selec- 
tion might favor the evolution of a capa- 
city to modify clutch-size according to the 
quantity of rain, or rodents, present at the 
time of laying. 

The annual clutch-size variations in 
small passerine species in N. W. Europe 
are much harder to interpret. This par- 
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TABLE 8. Annual differences in brood-size (N. W. England) 


Turdus merula Turdus ericetorum 
Year May June May June 
Number Average Number Average Number Average Number Average 
1929 28 3.68 40 3.48 38 3.92 38 3.74 
1930 89 3.52 55 3.64 89 3.82 67 3.75 
1931 34 3.47 68 3.81 43 3.72 80 3.89 
1932 63 3.40 61 3.79 85 3.82 91 3.88 
1933 115 3.71 61 3.39 135 3.82 83 3.82 
1934 121 3.55 50 3.78 130 3.63 74 3.92 
1935 152 3.53 76 3.37 166 3.84 117 3.42 
1936 108 3.53 87 3.89 103 3.74 94 3.80 
1937 47 3.19 3 3.67 49 3.73 6 3.83 
1938 118 3.14 104 3.69 105 3.56 83 3.78 
1939 150 3.51 69 3.80 138 3.78 83 3.86 
Total 1025 3.48 674 3.67 1081 3.76 816 3.77 


Notes: (i) Standard error per brood for 7. merula in May is 0.83 and in June 1.02, for T. ericetorum 
in May 0.88 and in June 0.87. To obtain the standard error of the averages, these figures should be 


divided by VN when N = number of broods. 
(ii) The correlation coefficient for the 7. merula and T. ericetorum averages is +0.64 in May and 


+0.68 in June, both of which are significant at P = 0.05. 


ticularly applies to a species like E. rube- 
cula, in which the food for the nestlings 
has not appeared at the time when the 
clutch is laid. Also, the differences con- 
cerned are much smaller than those found 
in either the African passerine species or 
the rodent-predators discussed above. 
The alternative hypothesis may therefore 
be suggested that these annual differences 
are not adaptive per se, but are an inci- 
dental by-product of the seasonal (time- 
of-year) variability. 

At first sight, it might be thought that 
the simplest physiological mechanism for 
modifying clutch-size adaptively with the 
time of year would be a link between the 
breeding physiology and some constantly 
changing factor, such as daylength. How- 
ever, this would not work well, because 
in N. W. Europe “spring” does not come 
on exactly the same date each year. There 
are annual differences of up to at least 
three weeks in the time of appearance of 
green vegetation and insects, and hence 
in the optimum season for raising young. 
It therefore seems more probable that 
the seasonal (time-of-year) variations in 
clutch-size would be linked with some fac- 


tor (or factors) which varies with the 
earliness or lateness of the spring. Tem- 
perature would be such a factor, and there 
are others. Now if the seasonal (time-of- 
year) differences in clutch-size are due 
to a variable factor of this nature, small 
annual differences in clutch-size are al- 
most inevitable. Suppose, for instance, 
that egg-collectors are correct in supposing 
that, in a year with unusually warm 
weather in April, average clutch-size is 
also higher. Suppose also, as seems likely, 
that there is adaptive significance in this 
modification. This need not be because, 
in general, an April warm spell is fol- 
lowed by particularly favorable conditions 
for feeding the young 214-4 weeks later 
(which is, in fact, an unlikely possibility ). 
The probable correlation is that warm tem- 
peratures are characteristic of May rather 
than April, and food for the young is 
more abundant in May than April; hence 
there is a general correlation between 
warm temperatures and better feeding 
conditions for the young; hence those in- 
dividuals with a capacity to modify clutch- 
size somewhat with temperature will have, 
on balance, a selective advantage. At the 
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same time, such individuals will inevitably 
respond to the occasional April warm 
spell, a response with no advantage per se, 
and perhaps even a slight disadvantage. 
An unusually warm spell in April may, to 
speak anthropomorphically, “‘mislead” the 
laying mechanism into responding as if 
it were already May. 

To conclude, in the four species studied 
in this paper there are seasonal (time-of- 
year) variations in clutch-size which are 
probably adaptive. There are also an- 
nual differences, which are perhaps only 
an incidental effect of the seasonal (time- 
of-year) variability. The capacity to 
modify clutch-size adaptively in response 
to environmental factors means that, on 
balance, a bird tends to lay a smaller 
clutch when conditions are less favorable, 
and a larger clutch when conditions are 
more favorable for raising young. As a 
result, the survival of the individual 
young is not always better from a small 
than a large brood. This complicates any 
field investigation of the effects of natural 
selection on hereditary differences in fa- 
mily-size. Moreover, the capacity to 
modify clutch-size adaptively is presum- 
ably itself a hereditary character, and 
hence subject to natural selection. 


SUMMARY 


1. Clutch-size has been studied in four 
European species in the thrush family 
Turdidae, namely Turdus merula, T. 
ericetorum, Erithacus rubecula and P. 
phoenicurus. The results for the most 
part confirm conclusions reached in a 
previous paper for the Starling. 

2. In the four above species, mortality 
in the nest is similar for clutches and 
broods of all the normal sizes found in 
nature (tables 1, 2, 3). 

3. After leaving the nest, the young of 
T. merula appear to survive better from 
broods of small than large size, but in T. 
ericetorum post-nestling «survival does 
not appear to vary with brood-size (table 
4). However, the data are insufficient to 
decide with certainty whether brood-size 


affects survival after the young leave the 
nest. 

4. In all four species, average clutch- 
size is highest between late April and the 
end of May, and is lower before late 
April and after mid-June (tables 5, 6). 
In E. rubecula, this seasonal variation is 
of such a nature as to anticipate the avail- 
ability of food for the young. In general, 
the seasonal variations in clutch-size are 
probably adaptive. 

5. There are significant differences in 
average clutch-size and brood-size be- 
tween one year and another, and T. merula 
and T. ericetorum vary in a parallel way 
(tables 7, 8). It is possible that these 
annual differences are an incidental by- 
product of the seasonal variability. 
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APPENDIX | 


In T. merula and T. ericetorum an analysis 
was also made of the number of young found 
dead in the first month after banding. In T. 
merula there were 14 recoveries from broods of 
2, 42 from b/3s, 60 from b/4s, 12 from b/5s 
and 0 from b/6s, while in T. ericetorum the 
corresponding figures were 12, 30, 78, 34 and 
0 recoveries respectively. A comparison with 


the totals banded (given in the first two parts 
of table 4) shows that the proportion of recov- 
eries is similar for each brood-size. No con- 
clusion should be drawn from these figures as 
regards the mortality during the first month 
after banding, as the very small sample found 
dead by man might be representative either of 
those dying or of those still alive in this period. . 
(In the Starling, those found dead in the first 
two months after banding included a_ higher 
proportion from large than small broods.) 

In the Starling, the frequency of recovery of 
two individuals from the same brood was higher 
than would have been expected by chance. In 
neither 7. merula nor T. ericetorum is this the 
case. For such an analysis, birds trapped must 
be omitted, as trapping is carried out in only a 
few restricted localities. The total number of 
individuals of T. merula found dead at least 3 
months after banding for broods of 2, 3, 4, 5 
and 6 young was 27, 70, 72, 23 and 2 respec- 
tively, while for 7. ericetorum the correspond- 
ing figures were 12, 44, 99, 37 and 0 respec- 
tively. Among these recoveries, there was only 
one case in T. merula and two in T. ericetorum 
of two recoveries from the same brood. 
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Divers mechanisms reproductively iso- 
late animals of a bisexual species from 
those of all other species. These may op- 
erate at various times in the life of the 
organism. Some are of greater potency 
than others, but usually complete isola- 
tion is dependent upon the sum total of the 
effects of several mechanisms. 

Within the Diptera, sexual isolation 
seems to be one of the most dynamic and 
efficient isolating barriers. Because many 
species of Drosophila can be maintained 
conveniently for study, they can serve as 
material for investigations of the manner 
in which sexual isolation operates and the 
effectiveness thereof under laboratory con- 
ditions. 

There are thtee major methods ( Pat- 
terson et al., 1947) by which this type of 
isolation can be studied, i.e., by multiple- 
choice experiments, by non-choice experi- 
ments (pair matings), and by direct ob- 
servations of the sexual behavior of the 
specimens. The last method is laborious 
and ill suited for obtaining sufficient data 
for statistical analysis; however, it yields 
qualitative data that are unavailable by 
the other two methods. 

The multiple-choice and non-choice 
methods have been used extensively (see 
Patterson et al., 1947). Direct observa- 
tion of interspecific crosses, however, has 
been infrequent. Stalker (1942) watched 
the interspecific mating behavior of D. 
virtlis and D. americana; Mayr (1946) 
observed that of D. pseudoobscura and D. 
persimilis; Wallace and Dobzhansky 
(1946) watched that of D. subobscura, D. 
persimilis, and D. pseudoobscura. Pre- 
viously the intraspecific or “normal” mat- 
ing behavior of the willistont group had 
been explored by the same method ( Spieth, 
1947). 
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The present paper is concerned with the 
interspecific behavior of the willistont 
group, and its primary aim has been to 
identify, if possible, some of the sexual iso- 
lating mechanisms that operate within the 
group. The data were obtained by direct 
observations. Of the seven species de- 
scribed for this group (fumipennis Duda, 
nebulosa Sturt., sucinea Patt. and Main., 
capricorni Dobz. and Pavan, willistoni 
Sturt., equinoxialis Dobz. and paulista 
Dobz. and Pavan), all were available for 
study except paulista. 


TECHNIQUE 


The preparatory steps for the present 
study were similar to those used for ob- 
taining intraspecific crosses: i.e., virgin 
individuals were collected from laboratory 
cultures and the two sexes were isolated 
in small vials which contained food media. 
The various stocks of flies were all sup- 
plied through the courtesy of Dr. Th. 
Dobzhansky from the Columbia Univer- 
sity collection and were originally collected 
at the following localities: equino.xialis— 
Teffe, Brazil; willistoni—Axtla, Mexico; 
Belem do Para, Bertioga, Campinas and 
Rio de Janeiro, all in Brazil; capricorni— 
Jacarepagua, Brazil; sucinea—Jalapa, 
Mexico; nebulosa—Belem do Para and 
Rio de Janeiro, Brazil ; fumipennis—Praia 
Grande and Cantareira, Brazil. The vir- 
gin individuals were then introduced with- 
out etherization into an observation cell 
(glass top and bottom; beeswax walls) 
and were studied under 10 X magnifica- 
tion. Introduction into the cell always 
seems to cause some irritation and in- 
variably the insects immediately preen 
themselves, after which they start mov- 
ing about in the cell. They prefer to stay 
on the side walls and normally avoid both 
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the top and bottom of the cell. They do 
this even when the bottom of the cell is 
coated with beeswax. 

As appears to be typical of most insects, 
the degree of physical activity tends to be 
cyclic, i.e., given individuals are active for 
a time and their activity stimulates the 
other specimens in the cell to activity. 
After a while, one by one, they become 
quiescent or at least partially so. The net 
result is that physical activity occurs in 
surges intercalated between periods of 
relative quiet. With the six species used 
for this study, at least two and often three 
surges of activity occur within thirty min- 
utes after the flies have been introduced 
into the cell. These surges of action in- 
sure that the various specimens come into 
close proximity if not physical contact 
with each other. Thirty minutes was 
therefore chosen as the length of the ob- 
servation period. 

For most of the observations, two fe- 
males of one species and three to six males 
of another species were placed in the cell 
for each observation. There is obviously 
a certain amount of individual variation, 
and since for various non-apparent rea- 
sons some individuals are refractory, it 
was decided to use several specimens for 
each individual observation. In a few in- 
stances, one male and one female were ob- 
served. The activities of these pairs 
seemed no different from those observed in 
the type of experiment most frequently 
employed. 

The breeding stocks were reared at a 
temperature of 21° + 2°. It was observed 
that the specimens react much more satis- 
factorily if the temperature of the cell is 
higher than that of thesenvironment in 
which they are normally kept. An in- 
crease of light intensity also seems to fa- 
cilitate the experiment. 

The specimens used varied in age from 
three and a half to 43 days. Of the 92 ob- 
servations, 10 utilized specimens of 314 to 
5 days’ age; 64 of 7 to 28 days’ age; and 
18 of 28 to 43 days’ age. Under existing 
circumstances, it was not feasible to make 
all observations at such times so that the 


ages of the individuals would fall in nar- 
row age categories. The specimens of 
the two species utilized at any given time 
were, however, of the same approximate 
chronological age, i.e., they were collected 
as virgins on the same day. 


DISTRIBUTION OF THE SPECIES 


Although the limits of the range oc- 
cupied by each of the six species is not 
known, nevertheless sufficient data are 
available to draw some conclusions as to 
which are sympatric and which are allo- 
patric species. The known distribution 
(as reported by Sturtevant, 1921; Duda, 
1925, 1925a; Patterson and Wagner, 
1942; Patterson and Mainland, 1944; 
Dobzhansky and Pavan, 1943, and Dob- 
zhansky, 1946) is as follows: 

D. fumipennis has been reported from 
Costa Rica and the Brazilian states of 
Petropolis and Sao Paulo (southeastern 
Brazil) ; nebulosa is known from south- 
eastern Brazil (Rio de Janeiro) and north- 
ern Brazil (Belem do Para); Panama; 
Cuba; Haiti; Puerto Rico; St. Vincent’s ; 
the Florida Keys, various localities in 
southern Texas and numerous plateaus 
and lowland stations in Mexico. D. wil- 
listoni, like nebulosa, has a wide distribu- 
tion and has been recorded from south- 
eastern Brazil (Federal District and Sao 
Paulo), northern Brazil (Belem do Para), 
Bolivia, the West Indies, Panama, Costa 
Rica, Guatemala, southern Florida, and 
various coastal localities in Mexico. Un- 
like nebulosa, it is not found in Texas. 
D. equinoxialis is known from only a 
single upper Amazon locality (Teffe, 
Amazonas, Brazil). Sturtevant has re- 
ported willistoni from Manaos in the same 
state but since this record was made be- 
fore equinoxialis was described and since 
the two species can mot be separated on 
the basis of external morphology, it is 1m- 
possible at this time definitely to say which 
of the two species he might have had. D. 
sucinea is known only from several locali- 
ties in Mexico, and capricorni only from 
southeastern Brazil. 
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Probable relationships of the species of 


the willistoni group. 


Inspection of these records shows that 
nebulosa and willistoni are the most 
widely spread of the six species and have 
sympatric ranges over most of their dis- 
tribution. It is possible, but not probable, 
that both of these species have had their 
ranges extended by the activities of man. 
Dobzhansky reports that witllistoni is the 
commonest wild species both in cultivated 
and jungle localities in the vicinity of Sao 
Paulo and Rio de Janeiro, but it is not a 
scavenger like D. ananassae and D. simu- 
lans which exceed it in frequency in the 
cultivated zones. 

D. sucinea and capricorni are probably 
allopatric. D. fumipennis is sympatric 


the external part of the duct. In willistont 
(Fig. 2) it is of different shape, with a 
short cylindrical terminal part, a median 
sharply constricted section which is fol- 
lowed by an expanded region of approxi- 
mately the same diameter as that of the 
external portion of the duct (external to 
the spermatheca). If virgin specimens 
are dissected and the reproductive system 
placed in saline on a slide and examined 
with a microscope, then these differences 
can be seen through the walls of the 


with capricorni but probably not with 
sucinea, These last three all are found \ 
within ranges of willistoni and nebulosa, ( \ 
and have been collected at the same lo- 
calities as have willistont and nebulosa. 
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Dorsal spermatheca of D. willistoni. 


Fic.2 

On the basis of external morphology, : 
fumipennis and nebulosa (Fig. 1) are 
widely separated from each other and 
from the other four species. D. willistoni 


Fic. 2. 


and equinoxtalis are  indistinguishable 

(Dobzhansky, 1946) in their external 
morphology, although equino.rialis aver- i 
ages slightly smaller in size. The fe- + "i 
males of the two species can be separated 4 


by means of the structure of the distal ate 


end of the dorsal spermathecal duct. This 
part of the duct is invaginated within the 
spermatheca, and is differentiated from 
the remainder of the duct. In equino.zi- 


Fic. 3. Inner part of dorsal spermatheca of 
D. equinoxialis. Parts not shown identical with 
those found in wellistoni. 
GC—Gel like outer coating. 
W—wWall of spermatheca. 


alis, it is vase-shaped (Fig. 3) with flow- 
ing lines and tapering to the diameter of 


1W—lInvaginated section of wall of spermatheca. 
1D—Invaginated duct. 


| 
i 
WILLISTON! 

SUCINEA 
GAPRICORNI 

FUMIPENNIS 

NEBULOSA 

| 


70 HERMAN T. SPIETH 


spermatheca. Fecundation, however, fills 
the spermatheca with sperm and renders 
them opaque. It is then necessary to com- 
press the spermatheca by means of pres- 
sure applied to the coverslip, so as to 
cause the invaginated part of the duct to 
be extruded from the body of the sperma- 
theca. For all ages of the adults and for 
all strains of willistonit, this seems to be 
a positive method of identifying the two 
species. 

D. sucinea and capricorni seem more 
closely related to each other than to any 
of the other four. They are, however, 
especially sucinea, closer to willistoni and 
equinoxialis than to fumipennis and nebu- 
losa. 

The intraspecific mating behavior 
(Spieth, 1947) supports inferences of re- 
lationships derived from the external mor- 
phology. Certain other features of the 
reproductive biology are somewhat at vari- 
ance with the mating behaviors, although 
in general the species show the same se- 
quence of relationships. When the fe- 
males are reared at a temperature of 
22° + 2° and mated with males of their 
own species, willistont females copulate 
first; equinoxialis next; then sucinea and 
nebulosa at approximately the same time ; 
while capricorni and fumipennis copulate 
later than any of the other species. The 
start of egg laying after emergence occurs 
at about 48 hours in the case of willistoni 
and quickly reaches a high rate of pro- 
duction. Equinoxjalis is next at 60 hours, 
but does not reach a high rate of produc- 
tion until 110 hours. Swucinea and nebu- 
losa both start oviposition at about 72 
hours after emergence, but while nebulosa 
soon reaches a high rate of production 
sucinea is much slower (120 hours). 
Capricorni and fumipennis are still slower 
in starting oviposition and capricorni is 
much slower in reaching a high rate of 
egg production. Thus willistoni and 
nebulosa reach a high egg production rate 
earlier than do any of the other four spe- 
cies even though some factors in their 
reproductive biology are quite different. 
It is interesting that these two species have 


the widest geographical distribution of 
any of the six species. 

It was also observed that willistoni, 
equinoxialis, and sucinea females would 
engage in copulation before any yolk was 
deposited in any one of the oocytes. 
Fumipennis females would not copulate 
before at least one odcyte contained ap- 
proximately one-third of the total yolk 
mass. Females of capricorni and nebulosa 
would not copulate until at least one ovum 
was practically ready to be shed. 


TERMINOLOGY 


The terms used to identify specific 
courting activities, e.g., circling, vibrating, 
tapping, etc., are the same as have been 
used by other workers and were described 
in a previous paper (Spieth, 1947). One 
additional activity, however, seems com- 
mon to the males of all the species and be- 
cause of its significance needs to be here 
specifically named and described. The 
term counter-signalling is proposed for 
this activity which is as follows : 

A male will approach another male of 
the same species and tap in normal fash- 
ion. The courted individual immediately 
spreads his wings very slightly and vi- 
brates both of them rapidly up and down. 
Usually the wings are elevated only a 
fraction of a millimeter but sometimes the 
upper wing of some species (wil/listoni 
and equinoxialis) is raised to the vertical 
position. Having counter-signalled, the 
courted individual then usually, but by no 
means always, spins about and taps the 
suitor. This reverses the roles and now 
the former suitor counter-signals. Nor- 
mally this causes the contact to break and 
the two individuals move apart. The in- 
tensity of counter-signalling varies be- 
tween species. It is least obvious in 
capricorni, fumipennis and sucinea, and 
most apparent in equino.xrialis, willistoni 
and nebulosa. Males of the latter two 
species often engage in violent activity 
which includes elements in addition to 
those described above. In the case of 
willistoni, the courted male will often spin 
about, rear up and then strike down with 
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his entire force at the suitor. In doing so, 
he usually strikes the posterior half of the 
suitor’s body and often catches the suitor’s 
wings between the folded femur and tibia 
of the fore leg. YL). nebulosa is still more 
spectacular in that the courted individual, 
having given the typical counter-signal, 
then extends his wings and raises them to 
about 45°, bends his abdomen laterally 
toward the suitor and spins about with a 
sharp slashing movement, driving his ab- 
domen against the side of the suitor. 
Sometimes the suitor is literally knocked 
off his feet. Usually the suitor replies in 
kind and then the two individuals separate. 

If the males of two different species ap- 
proach each other then the pattern is modi- 
fied, e.g., if a sucinea male approaches and 
taps a nebulosa male, the latter merely 
counter-signals but does not spin and 
slash. Nevertheless the two immediately 
break contact. Likewise if a nebulosa 
male taps a sucinea male, the latter does 
not spin but merely counter-signals and 
contact is broken. 


SEXUAL DRIVE 


Those organic tensions which are re- 
lieved by courtship and copulatory ac- 
tivities can be denoted as the sexual drive. 
Assuming the amount and intensity of the 
courtship and copulatory activities to be 
accurate indicators of this sexual drive, it 
is possible then to estimate the relative 
strength of drive which is found in the 
various species. D. fumipennis and D. 
capricorni have a weak sexual drive, e.g., 
the individuals are not sexually aggres- 
sive; in the case of fumipennis the males 
will not court immediately after they have 
finished a copulation. D. willistoni and 
D. nebulosa have a strong sexual drive. 
In all six species, copulation temporarily 
satisfies the sexual drive of the females. 
In all males, except those of fumipennis, 
more than one copulation is necessary to 
stay temporarily the sexual drive. One 
specimen of D. nebulosa was observed to 
be satisfied after four copulations within 
one hour. 

In the case of interspecific crosses, the 


sexual drive definitely shows up as strong 
in the case of both the males and females 
of willistoni and nebulosa. 


EXCITATION THRESHOLD 


The observable activities resulting from 
the sexual drive are greatly modified by 
a related phenomenon. This can be called 
the excitation threshold, and is best con- 
ceived as a variable barrier that exists be- 
tween the insect and its environment. 
When the threshold is low, a small stimu- 
lus will elicit a reaction, while at other 
times the threshold may be high and then 
the same stimulus will cause no response. 
For example, if a number of virgin males 
of fumipennis are observed in a vial or ob- 
servation cell, it can be seen that when two 
individuals come into close proximity of 
each other they occasionally tap with 
their fore legs. The courted individual 
responds by counter-signalling and_ the 
contact breaks off. Within a relatively 
narrow range, probably due to individual 
variation, all the specimens display about 
the same degree of activity, i.e., the thresh- 
old is stable and relatively high. If fe- 
males are now introduced, there is no 
change in behavior until a male taps a fe- 
male. The stimulus received by the male 
immediately lowers his threshold ; he be- 
comes visibly excited and proceeds to 
court vigorously. Soon all the males have 
tapped females and all are excitedly 
courting. 

Once the threshold is lowered, males 
will often court each other whereas before 
the females were introduced they merely 
tapped each other. As far as can be de- 
termined, the stimulus received by a male 
when he taps another male must be the 
same regardless of whether females are 
present or not, and therefore the differ- 
ences in behavior must be caused by some 
other factor which is related to but not 
part of the sexual drive. 

If the fumipennis females have copu- 
lated just previous to their introduction to 
the males, they constantly repel the males 
since their sexual drive is satisfied. The 
males, however, court vigorously and per- 
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sistently for a period of time, but finally 
their activity becomes reduced as the 
threshold rises, and the individuals break 
off contact with the females, i.e., the 
stimuli received are now not sufficient to 
call forth the next action in the courting 
pattern and the individual becomes qui- 
escent. Yet the sexual drive remains un- 
satisfied and after resting for a short pe- 
riod, the individual will approach another 
fly and tap. If the tapped fly is a female, 
the courting sequence starts again. Thus 
there can be a periodic rise and fall of 
threshold. 

Interspecific crosses still further eluci- 
date the relationship between the excita- 
tion threshold and the sexual drive. If 
virgin, sexually mature willistoni males 
are introduced to virgin, sexually mature 
sucinea females, the males with their 
large sexual drive will quickly start court- 
ing the females in typical fashion. At this 
point they become excited, the threshold 
lowers, and they not only court the females 
but will court each other. After ten or 
fifteen minutes, they cease courting the 
females who constantly fail to respond to 
the courtship, and finally the males return 
to the same level of activity as when only 
males are together, i.e., they merely tap 
an individual if it comes within close prox- 
imity. In fact they often show less re- 
sponse to the females than they do to 
other males. Thus, even though the sex- 
ual drive is unsatisfied, the threshold is so 
high that tapping no longer elicits the next 
step in courtship. If now willistoni fe- 
males are introduced, the male threshold 
drops and they furiously court the w/- 
listonit females. 


STIMULUS-REACTION PATTERN 


Basic to an interpretation of the mating 
behavior of these insects is the principle 
propounded by many workers that higher 
functions should not be invoked in de- 
scribing behavior in a particular case, 
if lower functions are consistent with all 
the observations. Since there is no evi- 
dence that individual Drosophila possess 
consciousness and the ability to form 


judgments, it must be assumed that when 
certain stimuli, either external or in- 
ternal, are received by the individual 
these elicit definite responses. Such re- 
sponses result in further stimuli being re- 
ceived which in turn cause further re- 
sponses. The sexual drive represents 
the responses to internal stimuli which are 
as yet unidentifiable. If these responses 
bring the male fly within close proximity 
of another fly, the male is stimulated and 
responds by tapping the other fly. (It 
should be noted that females will some- 
times tap males and do so in exactly the 
same manner as do the males.) If a fe- 
male has been tapped, the male receives a 
stimulus which elicits the next courting 
response. The female also is stimulated 
and her response depends on the height 
of the excitation threshold and the status 
of her sexual drive. She may ignore the 
male; she may respond with a repelling 
response, or she may respond with an 
action that stimulates the male to con- 
tinue further with courtship. Thus there 
is a series in which stimulus-response suc- 
ceeds stimulus-response, finally culminat- 
ing in a completed copulation, the effect of 
which is to cause the cessation of those in- 
ternal stimuli responsible for the sexual 
drive. Once these internal stimuli cease, 
the individual becomes quiet. 


REACTIONS OF MALES 


Three hundred and ninety-nine males 
were utilized for 92 observations. The 
exact number of males and observations 
per species is listed under the separate 
discussions. Males of each species were 
observed separately with the females of 
all other species. Except for capricorni 
males, 3 to 4 observations were made 
with each of the possible combinations. 
Since capricornt males reacted so uni- 
formly with females of all other species, 
it is felt that the thirteen observations (2 
to 3 per possible combinations) are ade- 
quate. 

In order to understand better the re- 
sults of these observations, the basic mat- 
ing behavior of the wt/listoni group is re- 
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viewed first. There are sundry differ- 
ences between the patterns followed by 
the six species, but nevertheless they all 
conform to a general basic plan which is 
as follows: 

The male, perceiving an individual close 
by, approaches and taps with his fore legs ; 
if the individual tapped is a female of his 
own species, the male becomes excited, 
taps vigorously and then proceeds to the 
posturing position. Nebulosa and fumi- 
pennis posture in front of the female and 
the others at the rear or side of the female. 
Posturing always involves movements of 
the wings. Posturing movements are 
intermittent in nature and those species 
that posture at the rear or side may inter- 
calate tapping and licking with posturing 
movements. Nebulosa and fumipennis al- 


ways circle from the posturing position to 
the rear and then lick and perhaps tap. 
If not accepted by the female, they return 
to the posturing position. Refractory fe- 
males are restimulated by circling. The 
females may respond to these activities 
either by repulsing actions (ignoring, de- 
camping, or extruding) or by the accept- 
ance response. The acceptance response 
consists of spreading the wings and the 
genitalia. The male then licks, mounts, 
and inserts the phallus all in one move- 
ment. Copulation is of variable length, 
but is never terminated until the male 
turns 180° and dismounts. 

The results of the reactions of the males 
are set forth below and are summarized 
in Table 1. 


TABLE 1 


9 
fumipennis _nebulosa sucinea capricorni willistoni equinoxialts 


fumipennis 0-1* | 0 0 0 | 47 75/15** 
| 
nebulosa 3t | | 0-1" | 0-2-3* | 0 | i+ 62/16 
sucinea 0 | | | o | 0-2 72/16 
| | | 
capricorn’ | 90 | 0 0 56/13 
| 
willistoni | 0-1-3 0-1" 2-3 2-3 0-2 71/16 
| 
equinoxialis | 4 0-1-2 | 0-2 0 | 0-1 63/16 
399/92 


0— Males tapped and then quit. 

1—One male postured once and then quit. 

2— Males postured several times and then quit. 
3—Males postured regularly but infrequently. 
4— Males postured typically. 

5—Male postured and female accepted. 

t Male attempted to mount female. 

* Female approached male and tapped. 


** The first number in the right hand margin represents the number of males observed. The 


second number represents the number of observations per species. 
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D. nebulosa males 


Sixty-two specimens were utilized for 
16 observations. When introduced to 
fumipennis females, they postured typi- 
cally and steadily but not as frequently 
as with their own females. Toward the 
end of each of the observation periods, they 
began to treat the fumipennis females as 
if they were other nebulosa males. One 
male was observed once trying to mount 
although no female ever gave the accept- 
ance response. With sucinea females, 
they tapped at first but soon reached a 
state where they merely gave a single or 
at most a double tap to passing females. 
One male postured once before a female 
but scissored his wing twice only before 
desisting. The males tapped and counter- 
signalled each other vigorously. When 
placed with capricorni females, twenty- 
one day old males reacted as with fumi- 
pennis females; fourteen day old males 
merely tapped, while four day old males 
postured at first but then quit except for 
tapping. Apparently there is great vari- 
ation in the response of the males to the 
females. With equinoxialis females, 
twenty-five and forty-three day old males 
postured typically, persistently and fre- 
quently, but four and fourteen day old 
males postured at first and then quit, re- 
ducing their activities with the females to 
tapping. This is the only case where 
nebulosa males showed a difference in 
threshold that possibly is attributable to 
age effect. Wéilistont females elicited 
only the tapping response from the males, 
at first of moderate intensity but soon of a 
perfunctory nature. 

During the observations with all females, 
the males tapped and counter-signalled 
and slashed at each other vigorously but 
the four day old males seemed much less 
aggressive than did the still older ones. 
Both male and female nebulosa have the 
characteristic habit of constantly and re- 
peatedly raising, extending and lowering 
their wings. This movement, especially 
when combined with a high degree of 
boisterousness, apparently startles the in- 


dividuals of other species. Often the fe- 
males moved away from the close prox- 
imity of the mebulosa males in a manner 
that can best be described as fleeing. 


D. fumipennis males 


Seventy-five males were utilized for 15 
observations. D. fumipennis males when 
placed with sucinea, willistoni and capri- 
cornmt never proceeded further than tap- 
ping the females. With w/listoni when 
first introduced, they tapped vigorously 
but soon reached a state where they merely 
tapped once if they happened to be close 
to the females. Swucinea females never 
elicited more than perfunctory tapping 
while the males showed a definite aversion 


(expressed by turning away sharply) to ° 


the capricorni females. With nebulosa fe- 
males, one male out of 17 tested postured 
once before a female. Otherwise they 
treated nebulosa females as they did w/- 
listoni females. With equinoxialis fe- 
males, the picture was entirely different 
since the males postured typically and per- 
sistently. The equino-vrialis females never 
accepted, i.e., never spread their wings 
and genitalia, and no male was observed 
attempting to mount. 


D. sucinea males 


Seventy-two males of sucinea were uti- 
lized for 16 observations. When placed 
with fumipennis and capricorni, tapping of 
moderate to weak intensity was the only 
reaction observed in these sucinea males. 
The males actually turned away from the 
capricorni females as if repelled. At the 
same time, they did not turn away from 
their own males when tapping them. 
Of 13 males observed with equino-rialis 
females, one male postured several times 
but all others merely tapped. Thirteen 
males were placed with willistoni females 
and one postured briefly and then quit; 
one postured several times, the posturings 
being scattered throughout the observa- 
tion period; two postured several times 
during the first part of an observation pe- 
riod but later restricted themselves to 
tapping. Fifteen sucinea males were 
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placed with nebulosa females. All of 
these males restricted their activities with 
the females to tapping except for one in- 
dividual. This specimen was 15 days old. 
Shortly after being placed in the observa- 
tion cell with nebulosa females of similar 
age, he approached a female, tapped, and 
postured. Immediately the female re- 
sponded with the acceptance reaction. He 
licked, mounted and inserted the phallus 
in typical fashion, grasping her out- 
stretched wings with his fore tarsal claws. 
She folded her wings in the characteristic 
manner of a nebulosa female. Immedi- 
ately she seemed irritated and attempted 
to kick off the male. He maintained his 
position and continued with the copula- 
tion. For the next 21 minutes, except for 
two periods of less than one minute each 
(at 7 and 13 minutes after copulation 
started), she tried constantly to kick off 
the male but although he lost his grasp he 
did not dismount. During this time the 
union of the genitalia seemed normal and 
the sclerotized portion of the male’s phal- 
lus could be seen moving back and forth 
in what appeared to be a normal manner. 
At the end of 21 minutes, the male turned 
to dismount, but was unable to withdraw 
his phallus. For the next 12 minutes the 
two individuals struggled to disengage the 
genitalia and finally succeeded. Immedi- 
ately they were lightly etherized. The 
male genitalia seemed normal, but those 
of the female seemed swollen slightly more 
than normal. The specimens were re- 
turned to their isolation vials and the male 
recovered almost immediately, but the fe- 
male never regained consciousness. 
Forty-nine minutes after the termination 
of the copulation, the female was still alive 
but moribund. One hour and 45 minutes 
still later, she was obviously dead and 
upon dissection at that time no sperm 
could be observed in the dorsal sperma- 
theca or ventral receptacle. The vagina 
was filled with a gummy mass but there 
were no signs of living sperm. It is pos- 
sible that whatever spermatozoa may have 
been present became immobilized when 
the female died or even before. 


capricornt males 


Fifty-six capricorni males were utilized 
for 13 observations and no one of them 
ever did more than tap the females with 
which it was placed. Age semed to make 
no difference. In every case the males 
tapped and counter-signalled each other, 
but their tapping of the females was 
desultory. With willistoni they actually 
appeared to be repelled merely by ap- 
proaching the female, for often they would 
perceive the individual, rush toward her 
in typical fashion and then turn sharply 
away just before getting close enough to 
start tapping. However, if the individual 
perceived was another capricorni male, 
then invariably the courting male would 
not show any repelling response until he 
had tapped and the other male had coun- 
ter-signalled. 


DD. willistont males 


Seventy-one males were utilized for 
16 observations. Seventeen males were 
used for three observations with fumipen- 
nis females. In one observation the males 
merely tapped; in the next they tapped 
and postured during the first part of the 
period but during the last part they merely 
tapped. In the next experiment sexual 
activity with the females was restricted 
to tapping except for one male who pos- 
tured once. With nebulosa females, one 
male postured twice and another one once ; 
the other 11 specimens merely tapped the 
females. The wing lifting habit of the 
females seemed definitely to repel the 
males. Capricorni females elicited pos- 
turing from the willistoni males in all ex- 
periments, but of low frequency. Thus 
the males would posture occasionally but 
not aggressively. It should be remembered 
in this connection that willistoni males 
when placed with females of their own 
species are ardent suitors. With sucinea 
females, the willistoni males postured 
readily when first introduced but within 
15 to 20 minutes the threshold of most 
of the males rose to such a point that 
they restricted themselves to tapping. The 
males responded to equino.rialis females 
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in somewhat the same manner as with 
fumipennis, i.e., some observations re- 
sulted only in tapping on the part of the 
male but others elicited posturing. Invari- 


ably the posturing took place during the - 


early part of the period and during the 
latter half activity was restricted to tap- 
ping. During all of the observations, the 
males tapped and counter-signalled each 
other vigorously. Sometimes they pos- 
tured before each other but usually the 
vigorous counter-signalling and the ac- 
companying kneeing resulted in termina- 
tion of the contact. None of the females 
showed any indication of giving the ac- 
ceptance reaction. 


D. equinoxialis males 


Sixty-three males were utilized for 16 
observations. With fumipennis females, 
the males reacted as if they were courting 
their own females. They tapped, pos- 
tured, licked and restimulated vigorously 
and persistently. The females became 
quickly sensitized and extruded violently, 
but this did not repel the males. Thus the 
males of equinoxialis and fumipennis both 
court the females of the other species as if 
they were females of their own species. 
Eleven males were used for three obser- 
vations with nebulosa females. During 
one observation, two posturings were ob- 
served; during another observation one 
posturing was observed but this contact 
broke as soon as the male licked the fe- 
male. The males did tap vigorously and 
sometimes licked without posturing. With 
sucinea females, equinoxialis males pos- 
tured during the first part of one observa- 
tion period but two other experiments 
showed only tapping. The males tapped 
fairly vigorously and somehow this seemed 
to lower the threshold and males were 
observed during two separate observa- 
tions to tap, posture and lick other males. 
Capricorni females were tapped briefly 
but that was all. Both the males and fe- 
males seemed lethargic as if they exerted 
a depressing effect on each other. With 
willistoni females, contacts were mostly 
restricted to tapping but during one ob- 


servation one male postured very briefly 
once and another experiment resulted in 
two separate posturings by a male. 


REACTIONS OF FEMALES 


The reactions of the females are much 
more difficult to evaluate than are those 
of the males. There are three typical 
methods by which the females of this spe- 
cies can refuse males, i.e., by decamping, 
by ignoring, and by extruding the geni- 
talia. Even with males of their own spe- 
cies, virgin females are often non-receptive. 
When non-receptive virgin females are 
placed with males of their own species, 
usually they ignore or decamp when first 
courted but after several courtships or 
even as a response to a single persistent 
courting, they commence to extrude. 
Soon, however, they reach a stage where 
they extrude whenever tapped and some 
become so “sensitized” that they extrude 
whenever a specimen, either male or fe- 
male, comes within close proximity. 
There are, however, individual differences, 
for if two females are placed in the cell 
one may start extruding upon the first 
contact with a male while the other may 
merely ignore the male. Further, there 
is variation between the species. Fe- 
males of fumipennis and nebulosa are 
much more regularly and quickly “sensi- 
tized” than are the females of the other 
four species. 

The behavior of the females in the in- 
terspecific crosses roughly parallels that 
of the intraspecific crosses as can be seen 
from the following observations. 


D. fumipennis females 


The fumipennis females extruded and 
decamped regularly when courted by nebu- 
losa males, but sucinea males elicited de- 
camping and extrusion in two observa- 
tions and merely the ignoring reaction in 


a third. Capricorni males likewise elicited . 


extrusion sometimes and the ignoring re- 
actions other times. With willistoni and 
equinoxialis, they ignored the males at 
first but quickly reached the extruding 
state. 
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D. nebulosa females 


Nebulosa females extruded and de- 
camped when placed with fumipennis, 
capricorni, and willistoni males. One ob- 
servation with equinoxialis gave only the 
ignoring reaction but in two other obser- 
vations, the females extruded and de- 
camped. They consistently decamped from 
sucinea males but never extruded or ig- 
nored them. The wing raising proclivi- 
ties of this species startled the males of 
other species, and in some cases seemed 
to intimidate the males. Often a male 
would tap, the female would raise her 
wings, and he would immediately break 
contact. 


D. sucinea females 


Sucinea females never extruded in 
response to fumipennis males, but did 
decamp or ignore them. They ignored 
nebulosa and equinoxialis males consist- 
ently. With capricorni males, the reac- 
tions varied from ignoring to extruding. 
They both decamped and extruded in 
response to wiillistomi males. 


D. capricorni females 


Two observations with fumipennis 
males yielded only the ignoring reaction 
on the part of capricorni females, while 
a third experiment gave all the refusal 
responses. The females usually de- 
camped when placed with nebulosa males, 
but also ignored and extruded sometimes. 
With sucinea males, the females some- 
times extruded weakly but usually they 
ignored the males. Extruding and de- 
camping occurred in two observations 
with zz/listoni males, but in a third ob- 
servation the females gave the ignoring 
response. With equinoxialis males, they 
either decamped or ignored but never 
extruded. 


D. willistont females 


Willistont females ignored and de- 
camped usually, but sometimes extruded 
when observed with fumipennis. Nebu- 
losa males elicited nothing more than the 
ignoring response except in the case of 
one female who extruded during the lat- 


ter part of an observation period. The 
ignoring response only was given to 
capricorni and equinoxialis males but 
sucinea males caused them to extrude. 


D. equinoxialis females 


Fumipennis males caused equino-xialis 
females to ignore or decamp regularly, 
even though the males courted persist- 
ently. Only once was a female observed 
extruding. With nebulosa they extruded 
and decamped. They merely ignored 
capricorni males and responded similarly 
to sucinea and wiillistont except for an 
occasional extrusion during a single ob- 
servation with each species. 


DISCUSSION 


The males of each species tapped the 
females of all five other species. In 
the case of capricorni the sexual drive 
was low as shown by the fact that tap- 
ping was infrequent and _ perfunctory. 
At the other extreme were the very ag- 
gressive males of nebulosa and willistoni 
which showed a great sexual drive. The 
other species fell somewhere between 
these two extremes. 

With most species, changing excita- 
tion thresholds could be observed during 
interspecific encounters. When first in- 
troduced into the observation cell, the 
individuals preened and then started mov- 
ing about the cells. As soon as the “for- 
eign” females were contacted and tapped, 
the males would become excited and there 
would be a flurry of activity. Not only 
did they tap the females with greater 
vigor and intensity but also they tapped 
and countersignalled each other vigor- 
ously. If the sexual activity was of Grade 
1 or 2 (Table 1) then almost invariably 
such posturing as occurred would take 
place during this first flurry of activity. 
Even with Grade 0 the intensity of tap- 
ping would be highest at this time. 
Shortly thereafter the threshold would 
rise and then the males would merely tap 
once or twice those females which came 
within close proximity. Toward the end 
of the observation period, the males would 
practically ignore the females although 
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they would continue tapping and counter- 
signalling each other at an intensity level 
equal to that when only males were pres- 
ent. D. capricorni was the only species in 
which this rise and fall of the threshold 
was not observed. With capricorni the 
threshold seemed to remain level despite 
age of the males or species of the females 
introduced into the cell with them. 

With the Grade 4 crosses (both equi- 
noxialis-fumipennis crosses and two ob- 
servations of nebulosa males with equi- 
noxialis females), the threshold was main- 
tained at approximately the same level 
as when males are introduced with fe- 
males of their own species, i.e., intra- 
specific crosses. In these instances the 
males courted persistently and vigorously, 
interspersed, of course, with the customary 
periods of quiescence. 

The Grade 3 crosses also showed low- 
ered thresholds but not as much as with 
the Grade 4. In these cases the males 
courted but not with the persistence or in- 
tensity of the Grade 4 activity. When a 
male encountered a female, often he would 
break off contact after tapping but in a 
number of instances, always scattered 
throughout the entire observation period, 
after tapping he would posture. Regard- 
less of what the reaction of the male was 
to the female, only once during all the 
observations did a female accept a court- 
ing male. This does not mean that the fe- 
males were responsible for breaking con- 
tact. It should be remembered that usu- 
ally in the normal intraspecific cross, once 
the male has tapped he then proceeds to 
posture regardless of the response of the 
female to his tapping. Thus in all those 
crosses of 0 Grade in which contact be- 
tween the male and female ceased at the 
tapping level, the break was due to the re- 
action of the male and not to that of the 
female. Obviously the male receives a 
stimulus when he taps another individual. 
If the other individual is a female of his 
own species (intraspecific crosses), then 
the threshold immediately drops and the 
male proceeds with the posturing re- 
sponse. Ifa foreign female (another spe- 
cies) has been tapped, then the male re- 


ceives a different type of stimulus. In all 
those cases which are listed as 0 (Table 
1), the stimulus received was such that it 
did not elicit the posturing response. In 
the Grade 4 crosses, however, even though 
foreign females were tapped, the stimulus- 
reaction pattern was such that the males 
proceeded to posture. But here, too, we 
can see variations in the pattern. With 
the equinoxialis-fumipennis crosses, re- 
gardless of age or condition, the males re- 
sponded as if the females belonged to 
their own species. With nebulosa males 
and equino-xialis females, if the males were 
young, then the response was Grade 0, but 
if the males were older they responded by 
posturing. This can be attributed to the 
age effect but it does not tell us what ac- 
tually happens. Since these older males 
do not seem any more aggressive than are 
the younger ones, probably there has been 
no change in their sexual drive. There 
are two other possible explanations, e.g., 
either the stimulus received is quantita- 
tively different or else the threshold is 
lowered so that a stimulus which with a 
higher threshold would not be sufficient 
to call forth the posturing response is now 
adequate and results in posturing. 

If a male taps another male, then he ap- 
parently receives a response from the tap- 
ping that is similar to that which he re- 
ceives when he taps a female of his own 
species. However, the male that has been 
tapped responds with a counter-signalling 
response and the suitor then is also stimu- 
lated by this as well as by his tapping. 
This causes a quite different reaction, 
namely, cessation of the courtship. If the 
male that has been tapped does not coun- 
ter-signal, then the tapping male may pos- 
ture before the male. Occasionally, es- 
pecially when the tapped male is decrepit, 
such a condition was observed. Further, 
if the wings are removed from males, they 
tap each other vigorously but can not 
counter-signal in typical fashion. Then 
the suitor will often assume the posturing 
pose and, by means of the wing stubs, it 
can be ascertained that he is going through 
the posturing movements. 

The question arises as to how the males 
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are specifically stimulated by the tapping 
action. Is a chemical produced by the fe- 
male responsible, or is it merely that stim- 
uli are received mechanically from the sur- 
face of the female’s body? At present it is 
unknown, but perhaps both of these or 
other possibilities are involved. Indirect 
evidence indicates that the stimuli can be 
received via chemoreceptors. If capri- 
cornt males are placed with wi/listoni fe- 
males, it can be observed that often the 
males will approach an individual as if to 
tap, but if it is a willistont female, just be- 
fore they come close enough to tap, they 
turn very sharply away. If, however, the 
approached specimen is another capricorni 
male, invariably the suitor goes on to tap. 
In the case of the females, the males defi- 
nitely are repelled without ever having 
made physical contact. Such stimuli prob- 
ably are received by the receptors located 
in parts of the body other than the fore 
tarsi, i.e., antennae or mouthparts. Often 
males when tapping foreign females may 
touch their antennae accidentally against 
some part of the female’s body, especially 
the edges of the wings, and then immedi- 
ately cease tapping. Further, males of 
sucinea, willistoni, and equinao.xialis often 
tap when situated directly behind the fe- 
males and occasionally they lick a foreign 
female. Such actions almost always cause 
the males to turn away sharply. Barrows 
(1907) shows that Drosophila melano- 
gaster is able to taste food substances by 
means of its legs, and various investigators 
have shown that other dipteran adults 
are able to taste food material with their 
pedal appendages. 

It is impossible to evaluate completely 
the responses of the females. As shown 
in Table 1 and in the descriptions of the 
observations, only one female ever ac- 
cepted a male. The others all ignored, de- 
camped or extruded. Inspection of the fe- 
male reactions clearly shows that they re- 
acted differently to various species of 
males. Females of this group, however, 
are unpredictable in their responses even 
to the males of their own species, for 
often virgin individuals consistently re- 
fuse courting males. Just why this hap- 


pens is unknown but it is possible that 
some of these recalcitrant females may be 
carrying a fully developed egg in the 
vagina. That females may carry an egg 
in the vagina for some time is indicated by 
the fact that a fecundated female when 
etherized sometimes deposits an egg that 
is ready to hatch. Sometimes the act of 
oviposition causes the embryo to rupture 
the shell, whereupon the larva can be seen 
crawling out of the egg. Probably such 
an egg had been carried for some time in 
the vagina and there is no evidence that 
fertilization takes place until the egg leaves 
the common oviduct and passes into the 
vagina. If the fecundated females can 
carry eggs for some time in the vagina, 
there seems no reason why the virginal 
individuals should not do likewise. Con- 
sidering the size of the egg and the size of 
the vagina, it seems improbable that an 
individual in such a state would accept a 
male. That this is not the sole factor is 
abundantly shown by the fact that often 
with intraspecific crosses a female consist- 
ently refuses the male’s overtures for a 
considerable length of time and then sud- 
denly, without any visible or apparent 
difference in conditions, accepts with 
alacrity. 

In the interspecific crosses, some fe- 
males (Table 1), especially those of nebu- 
losa or capricorni, showed great sexual 
drive. They actually approached the 
males and tapped in typical fashion. The 
male would then spin and tap and the fe- 
male would give a repelling reaction. 
Thus, although the drive was great, never- 
theless the stimulus-response pattern was 
such that the females responded by giving 
the repelling reaction. In some observa- 
tions, the mehulosa females actually gave 
the accepting reaction if another individual 
passed close by or if their abdomens struck 
against a small elevation in the uneven wax 
of the observation cell. No male ever 
tried to copulate with one of these females, 
but perhaps this was due to chance. If, 
however, the foreign males tapped such 
females, even when they had their wings 
spread, the females immediately closed 
their wings and gave the refusal response. 


} 
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Finally it should be noted that in 17 
crosses, the females refused males that ac- 
tually postured, and 8 of these were of 
Grade 3 or 4. Thus it is safe to say that 
the breakdown of the stimulus-response 
pattern can be caused either by the male or 
by the female, and can occur at any time 
between initiation by the tapping on the 
part of the male and the acceptance reac- 
tion on the part of the female. 

The single acceptance response is of in- 
terest since the actual courtship was ex- 
tremely brief, the response of the female 
was typical, and all other females in this 
and the other observations of this cross 
(sucinea X nebulosa Q) consistently 
failed to respond to the males. Further 
this was the only sucinea male that pro- 
ceeded further than the tapping action 
when observed with nebulosa females. 
These two species are sympatric and there 
is no reason to doubt that they come into 
physical contact in nature. Unfortunately 
since the female died, we do not know 
whether other factors would have repro- 
ductively isolated the species even though 
sexual isolation had broken down. It does 
give a clue as to how those specimens 
which appear to be hybrids and are oc- 
casionally collected in nature may have 
originated. It also indicates that perhaps 
in this group once copulation has been 
started it proceeds to termination ; that the 
female cannot dislodge the male, and that 
the male determines exclusively the termi- 
nation of copulation. The male in this 
case attempted to dismount after twenty- 
one minutes, and the average time for 
sucinea copulations is 20’ 33”, while for 
nebulosa it is 1’ 37” (Spieth, 1947). 

Under the conditions in which. the ex- 
periments were conducted, sexual isola- 
tion between the six species is almost com- 
plete, not because the various species do 
not attempt to court and copulate, but 
because at some stage in the courtship 
the stimuli received are such that the re- 
sponse causes a breakdown in the court- 
ship pattern. In nature specimens of 
Drosophila are attracted to decaying 
fruits, etc., and usually a number of spe- 
cies will be present in such a restricted 


area. Having arrived at these places, their 
exploratory actions bring them into close 
proximity to other flies. The males and 
probably in a few instances the females 
then “investigate” these individuals. The 
male counter-signalling response then 
seems to be of adaptive value since the 
contact is quickly broken and these flies 
proceed to move about and encounter 
other individuals. Eventually the males 
usually encounter a female of their own 
species, the threshold drops, and the male 
courts vigorously. If the female has been 
very recently inseminated or if she is non- 
receptive for some other reason, she gives 
a repulsing response and at the same time 
continues with her activities of feeding, 
cleaning, ovipositing, etc., or she may ac- 
cept and then copulation ensues. If the 
males encounter females of other species, 
the courtship usually quickly breaks down 
even though in rare instances “accidental” 
copulations might occur. 

Finally, it should be noted that the sex- 
ual behavior and reproductive biology of 
this group of species, so far as is now 
known, offers no evidence that the evolu- 
tion of the group has been by large salta- 
tions but rather that it has proceeded pri- 
marily by the accumulation of minor dif- 
ferences that have occurred independently 
throughout the group. The qualitative 
differences that exist are such that they 
could quite conceivably have arisen by 
modification of a pre-existing pattern. 


SUMMARY 


Data on the interspecific sexual be- 
havior of six species of the Drosophila 
willistoni group were accumulated by the 
direct observation method. 

Assuming that the intensity and quan- 
tity of the mating activities are an ac- 
curate index of the sexual drive of the 
species, it is shown that (1) there is con- 
siderable interspecific variation in the sex- 
ual drive, capricorni having the lowest 
drive, willistoni and nebulosa the highest 
sexual drive, while fumipennis, sucinea, 
and equinoxialis are in ascending order 
intermediate to the two extremes; (2) the 
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two species with the highest sexual drive 
have the widest geographic ranges. 

The sexual activities of the two sexes 
can best be explained as a series of stim- 
ulus-response activities which normally 
culminate with insemination in the case 
of the intraspecific crosses. 

The stimulus-response pattern is quan- 
titatively modified by the excitation thresh- 
old level. The level of the excitation 
threshold fluctuates in accordance to the 
inherent constitution and the previous his- 
tory of the specimens involved in any par- 
ticular encounter. 

For studying the possible 30 interspe- 
cific crosses, 399 males were employed for 
92 observations. Only one copulation re- 
sulted (sucinea X nebulosa?). In all 
other cases the courtship broke down some- 
where between the tapping action of the 
male and the acceptance response of the fe- 
male. In 12 of the 30 possible combinations, 
the males were invariably responsible for 
the breakdown of the courtship sequence. 
In two crosses (fumipennis X equinoxi- 
alis 2 and equinoxialis J X fumipennis 2) 
the females were always responsible for 
the breakdown. In the other 16 crosses 
sometimes the males and sometimes the 
females were responsible for the cessation 
of the courtship. 

In only one cross (nehulosa & X equi- 
noxialis 2) did older males pursue court- 
ship more vigorously than younger males. 
This age effect posibly is due to the lower- 
ing of the excitation threshold. 

The single copulation observed indicates 
that “accidental” copulations between spe- 
cies may occur in nature. 

Conspecific males displayed a counter- 
signalling reaction that normally prevented 
them from courting each other. 

This counter-signalling reaction and the 
usual breakdown in the early stages of 
courtship of the interspecific bisexual 
crosses would serve an adaptive function 
in nature where several species of Droso- 
phila collect in a limited feeding-breeding 
area. 

The species differences in sexual bi- 
ology of this group can best be accounted 
for by assuming that evolutionary di- 
vergence has occurred by accumulation of 


minor differences that have arisen inde- 
pendently throughout the group. In gen- 
eral the degree of differences of the sexual 
biology parallels the morphological di- 
vergences, i.e., the evolution of the mor- 
phological differences and that of the sex- 
ual differences have proceeded at about 
the same rate. 
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The opinion, once held rather widely by 
biologists, that related species are gener- 
ally, if not universally, separated by bar- 
riers to reproduction involving incom- 
patibility and hybrid sterility has under- 
gone some qualifications in recent years. 
The modification of the time-honored view 
has been in part a consequence of the dis- 
covery that species of higher plants, which 
occupy the same range in nature without 
evident hybridization, may nevertheless 
yield fertile progeny when crossed in the 
breeding plot (Anderson, 1948). Two 
sets of processes are now known whereby 
intercompatible and interfertile species of 
flowering plants can occur sympatrically 
and still maintain their distinctness. The 
first of these is the non-establishment of 
the hybrid seedlings, due to the lack of 
an available ecological niche; the second 
is the non-production of hybrids, due to 
the failure of interspecific pollination. The 
effect of ecological factors on the isolation 
of interfertile, sympatric species has been 
dealt with in several recent publications 
(Epling, 1947a, 1947b; Stebbins, Matzke, 
and Epling, 1947; Anderson, op. cit.). 
The purpose of the present paper is to in- 
vestigate the occurrence and distribution 
in angiosperms of isolating mechanisms 
operating at the critical stage of pollina- 
tion. 


THe NATURE OF FLORAL ISOLATING 
MECHANISMS 


Interspecific pollination in a mixed 
population consisting of two intercom- 
patible species of angiosperms, which are 
normally pollinated by animals rather 
than by wind or water, may be prevented 
in one of two ways. Either the floral 
mechanisms of the two species may differ 
in certain details so that the animals which 
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pollinate one species are unable to enter 
the flowers of the other species, and, if 
they succeed in making their entrance, fail 
to touch the stigmas with pollen. Or it 
may happen that the pollinating animals 
themselves confine their visits to one kind 
of flower, which they recognize by its form 
and markings, and do not stray from spe- 
cies to species; this type of behavior has 
long been recognized in certain insects, 
particularly bees (Frisch, 1914). We may 
accordingly distinguish between barriers to 
interspecific pollination which arise from 
the floral mechanism itself, and those which 
owe their effectiveness to the habits of the 
pollinators. If the prevention of inter- 
specific pollination comes about as a result 
of the structural contrivances of the flower, 
we have mechanical isolation (Dobzhan- 
sky, 1937); if cross-pollination between 
two species is mechanically possible, but 
does not occur owing to the constancy of 
the pollinating animals to one kind of 
flower, we may speak of ethological iso- 
lation. (The latter term, which was ap- 
plied by Mayr (1948) to preferential 
mating in animals, may perhaps be ex- 
panded to include the selective fertilization 
of some flowering plants by their pol- 


_linators.) 


Either mechanical or ethological isola- 
tion presupposes a certain level of com- 
plexity of both the flower and its agent 
of pollination. The structural complexity 
of the flower has the dual function of de- 
barring all but certain types of animals ac- 
cess to the stores of nectar and pollen, and 
of rendering pollination impossible by 
those unwanted visitors that do find their 
way into the flower. The complexity of — 
the animal vector of pollination consists 
of morphological adaptations for working 
the floral mechanism, sucking the nectar, 
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and collecting the pollen, and, in some in- 
sects at least, also of specialized instincts 
of flower constancy, etc., which improve 
the efficiency of the worker. Flowering 
plants pollinated promiscuously by wind, 
water, or unspecialized insects will prob- 
ably be incapable of developing barriers to 
interspecific pollination. We may expect 
the operation of floral isolating mecha- 
nisms to be confined, therefore, to those 
groups of angiosperms possessed of flowers 
sufficiently complex to insure their non- 
promiscuous pollination. 

A peculiarity of floral isolating mecha- 
nisms, in distinction from all other sys- 
tems of isolation known in angiosperms, 
is that they operate only between species 
which differ in the morphological charac- 
ters of their flowers. It follows that 
closely related species of non-promiscu- 
ous angiosperms should be _ separated 
taxonomically in large measure by floral 
characters of the sort that serve as bar- 
riers to interspecific pollination or as 
recognition features for insects. In prom- 
iscuously pollinated angiosperms, by con- 
trast, the morphological differences be- 
tween species should involve no unduly 
great emphasis on floral characters. 

In order to determine whether non- 
promiscuous groups of angiosperms are 
in fact more differentiated into species on 
floral characters than promiscuous angio- 
sperms, the author drew up, from Knuth 
(1906-1909), Robertson (1928), Porsch 
(1926-1930), and other sources, a list 
of those genera of flowering plants for 
which pollination records are available. 
The genera were grouped into the follow- 
ing seven pollination classes: (a) bird 
plants; (b) butterfly and moth plants; 
(c) bee plants; (d) bee and long-tongued 
fly plants (Syrphidae, Bombyliidae in 
part); (e) promiscuous plants (miscel- 
laneous bees, wasps, flies, etc.) ; (f) wind- 
pollinated plants; (g) water-pollinated 
plants. Then, turning to a wide variety 
of taxonomic treatments, the author noted 
for each genus the diagnostic characters 
that have been used to separate pairs of 
species in the ultimate divisions of the 


keys. The results of this survey, which is 
admittedly only as adequate as the tax- 
onomic treatments and pollination §rec- 
ords on which it is based, are summarized 
in table 1. 

To facilitate comparison between the 
different pollination classes, the data from 
table 1, column 5 have been extracted and 
represented as a bar diagram (fig. 1). 
There are certain combinations and one 
omission in this figure; thus the totals for 
hee plants and bee and long-tongued fly 
plants have been combined, as have the 
totals for wind- and _ water-pollinated 
plants. Due to the relatively small sam- 
ple of butterfly and moth plants repre- 
sented in the survey, and the correspond- 
ingly great possibility of sampling errors, 
that class has been omitted from the bar 
diagram. The mean percentage of floral 
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Fic. 1. The relative taxonomic importance 
of floral characters, as correlated with mode of 
pollination in angiosperms. 

(A) Bird-pollinated plants; (CD) Bee and 
long-tongued fly plants; (E) Plants pollinated 
promiscuously by unspecialized insects; (FG) 
Wind and water-pollinated plants; (x) Mean for 
all classes. 
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characters, exclusive of calyx, for the 416 
genera and 5289 characters considered in 
the survey is 29 per cent, as shown in fig- 


It is the best estimate we have at 


present of the taxonomic importance of 
floral characters in the angiosperms as a 
class, though no doubt it is biased with 
genera of the temperate zones. 

When bird, bee, and bee and long- 
tongued fly plants are compared with 


“the average angiosperm, 


” it appears that 


a correlation between non-promiscuous 


pollination and preponderance of floral 


characters does indeed exist. 


floral characters. 


significant ; 


By con- 
trast with these latter groups, closely re- 
lated species of promiscuous plants are 
seen to be separated relatively little by 
The difference between 
the means of bee and long-tongued fly 
plants and of promiscuous plants, when 
subjected to the appropriate ¢ test (cf. 
Snedecor, 1946), was shown to be highly 
that is, the probability that 
these percentage differences are due to 


TABLE 1. Frequency distribution of taxonomic characters among the various parts of the plant in 
A ngiosperms; data grouped according to agent of pollination 
Distribution of key characters used in separating 
1 closely related species, by percentage of 
Pollination total number of characters 
class 
10 
$ Total 
—— Calyx Habit acters 
2 Flower | (except Inflor- Fruit 
category calyx petal- . seed , 
oid) cence 
A—Birp PLants (Trochilidae, Nectariniidae, Drepanididae, etc.) 
Rubiaceae Peru 52 0 22 4 39 218 
Fuchsia S. Amer. 1 3 0 14 7 31 58 
Salvia (in part) Mex.-S. Am. 1 28 27 9 0 36 185 
Leguminosae Peru, Austral. 6 40 3 16 11 30 37 
Epacridaceae Aaa. 18 41 11 8 0 40 225° 
Proteaceae Aust., S. Afr. 28 27 0 21 7 45 540 
Liliaceae Ss. Avion 2 31 0 17 0 52 35 
Iridaceae S. Africa 2 67 0 5 0 28 36 
Musaceae world 3 39 0 15 14 32 41 
Campanulaceae- 
Lobelioideae Hawaii 5 50 9 12 2 27 107 
Totals for Bird Plants 123 37 5 16 4 38 1562 
B—BUTTERFLY AND MOTH PLANTS 
Caryophyllaceae-Sileneae | Cal.; C. Eur. 2 38 15 3 8 36 39 
Lilium Cal.; C. Eur. 1 78 0 11 0 11 9 
Lonicera Cal.; e. N. A. 1 62 0 8 7 23 13 
Totals for Butterfly and 
Moth Plants 7 54 10 6 5 25 81 
C—BErE PLANTS 
Boraginaceae C. Eur. 4 48 14 7 31 29 
Fumariaceae Cal.; C. Eur 3 47 0 13 20 20 is 
Labiatae Cal.; Eur. 9 49 8 9 0 3 83 
Leguminosae-Papilionatae | N. Am.; Eur 15 31 & 13 11 37 360 
Orchis C. Eur. 1 61 0 9 0 30 23 
Ranunculaceae w. N. A.; C 
Eur. 3 33 5 10 19 33 21 
Scrophulariaceae Cal.; e. N. A.; 
C. Eur. 13 41 12 10 31 203 
Viola Cal.; C. Eur. 1 46 3 5 3 44 39 
Totals for Bee Plants 49 38 9 10 9 34 773 
D—BEE AND LONG-TONGUED FLY PLANTs (Syrphidae, Bomby oe in part) 
Boraginaceae C. Eur 4 4 s 9 17 24 
Epilobium Cal.; C. Eur. 1 7 0 5 9 59 22 
Ericaceae N. A.; C. Eur 4 32 4 S 20 36 50 
Geraniaceae N.A.; C. Eur 2 35 5 14 8 38 86 
Hydrophyllaceae Cal. 5 45 3 5 8 39 38 
Labiatae Cal.; C. Eur 5 13 23 13 3 48 31 
Liliaceae Cal. 2 57 0 7 4 32 28 
Malvaceae Cal.; C. Eur. 2 33 10 19 9 29 21 
Polemoniaceae w. N. A.; world 9 58 5 11 6 20 149 
Scrophulariaceae-Verb- 
asceae &-Veroniceae Cal.; e. N. A. 2 28 4 13 20 35 46 
Totals for Bee & Long- 
tongue Fly Plants . 39 42 6 10 9 33 523 
Combined totals for Classes 
&D 87 40 7 10 9 34 1296 
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TABLE 1.—Continued 


rs Distribution of key characters used in separating 
1 closely related species, by percentage of 
Pollination ait total number of characters 
class 
Total 
Regions** 7 9 no. char- 
category* except where escence seed. uhes- 
calyx) petal- : 
v4 oid) cence 
F—Promiscuous PLants (Miscellaneous Insects) 
Acer world 1 10 2 12 23 53 $1 
Caryophyllaceae-Alsineae | Cal.; C. Eur. 5 20 4 23 6 47 51 
Cruciferae-Brassiceae & 

-Sisymbrieae world 52 19 3 10 33 35 298 
Euphorbia Cal.; C. Eur. 1 0 i) 26 26 48 31 
Ranunculus Cal.; C. Eur. 1 27 0 3 19 51 37 
Rosaceae N. A. 5 12 5 11 10 62 148 
Salix N.A.; C. Eur. 1 24 0 12 5 59 42 
Umbelliferae N. A. 21 6 3 23 23 45 287 

ifraga Cal.; C. Eur 1 33 3 6 6 52 33 
Totals for Promiscuous 
Plants 92 15 3 15 21 46 1000 
Scale, Catkin, Fruit, 
perigyn.,| spike seed, 
spikelet | panicle | involucre 
F—WIND-POLLINATED PLANTS 
Betulaceae world 5 2 30 20 3 45 40 
Cyperaceae N. A.; world 2 3 47 16 7 27 469 
Fagaceae N. A, 2 0 0 0 32 608 31 
Gramineae Cal. 24 0 50 22 0 28 OF 
Juglandaceae N. A. 2 0 0 6 44 50 18 
Juncaceae Cal. 2 39 0 22 17 22 18 
Potamogeton N. A. 1 4 0 8 28 60 25 
Totals for Wind-pollinated 
Plants 39 4 40 16 8 32 697 
G—WATER-POLLINATED PLANTS 
Naiadaceae N. A.; world 3 11 0 0 28 61 18 
Combined totals for Classes 
F&G 42 4 39 16 B 32 715 
Grand totals for all classes 416 29 il 14 Q 37 5289 


* for list of genera considered cf. appendix i. 


** for list of taxonomic treatments used cf. appendix ii. 


errors of randem sampling represents a 
chance of much less than one in a hun- 
dred. We may conclude that the data 
drawn from a wide series of angiosperms 
are not at variance with the hypothesis of 
floral isolation. 


Species Differences in Wind-pollinated 
Angiosperms 

It will be instructive to consider the 
types of taxonomic characters separating 
closely related species of oaks and grasses, 
which can probably not be isolated by their 
mode of pollination. The suggestion of 
Stebbins (in press) that species of oaks 
are isolated, not by genetic barriers to hy- 
bridization but by ecological barriers to 
the establishment of the hybrid seedlings, 


finds an interesting commentary in the 
emphasis on leaf characters in the genus 
Quercus, which here constitute 58 per cent 
of the total number of taxonomic charac- 
ters. 

The absence of stamen and style char- 
acters in the Gramineae, in constrast with 
the diversity of characters of the spikelet, 
which encloses the seed in that family, is 
in line with another idea of Stebbins. He 
has pointed out (op. cit.) that the condi- 
tions of pollination are very uniform for 
all grasses and that selective pressures 
are correspondingly weak at the stage of 
flowering; but selective pressures are 
strong at the stage of dispersal, with the 
result that the important permutations in 
the Gramineae concern almost solely those 
modifications of spikelets, awns, joints, 
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etc. which characterize the different dis- 
persal mechanisms of grasses. 


Mechanical and Ethological Isolation in 
Butterfly and Moth Plants 


The mutual adaptations of certain moths 
and orchids constitute a classical case of a 
mechanical relationship in flower pollina- 
tion ; but to what extent moths and butter- 
flies are also instinctively flower constant 
is not clear. Knoll (1921-1926, pp. 374- 
375) believes that a Lepidopteran will re- 
main constant if there is an abundance of 
nectar in one place, but will otherwise 
wander about at random. This might ex- 
plain why Christy (1883) observed a 
group of butterflies (Vanessa, Colias, 
Parnassius, Pieris) making predominantly 
(75 per cent) single species visits, while 
Bennett (1883) found the same kinds of 
butterflies making predominantly (78 per 
cent) interspecific visits. 

The hawkmoths (Sphingidae), by con- 
trast with butterflies, have acquired a repu- 
tation for flower constancy (Ioew, 1886; 
Lovell, 1918). Knoll (op. cit., pp. 215- 
216) observed Macroglossa stellatarum L. 
to remain constant on Linaria during 
over a hundred visits, while paying no at- 
tention to Pelargonium. Much more work 
needs to be done on pollination by Lepi- 
doptera ; the proper designation of the type 
or types of floral isolating mechanisms 
in plants pollinated by these long-tongued 
insects is a nice problem for future re- 
search. Then perhaps an explanation 
will be forthcoming for the interesting 
contrast, as regards the relative impor- 
tance of floral characters, between the 
Lepidopteran-pollinated Sileneae and the 
promiscuous Alsineae of Caryophyllaceae 
(with 38 per cent and 20 per cent of floral 
characters respectively, cf. table 1). 


Mechanical Isolation in Bird Plants 


How can we account for the importance 
of floral characters in bird plants? The 
case for flower constancy in birds is weak. 
To be sure, hummingbirds will remain 
on one species of plant if it is abundant 
and nothing else is to be had, as the au- 


thor has observed in the Sierra Nevada 
of California with Rufous hummingbirds 
(Selasphorus rufus) and Pentstemon new- 
berry: Gray ; but it is equally true that in 
Berkeley gardens the Allen hummingbird 
(Selasphorus allent) goes freely from one 
kind of flower to another. Bené (1941, 
1945, 1946) has shown that the feeding 
behavior of hummingbirds is complex; 
they do form habits, conditioned by their 
experience, and may remain constant to 
a certain kind of syrup for a time (1941) ; 
yet this constancy is tempered by choice 
and caprice. 

It may be objected that these observa- 
tions are based solely on temperate zone 
hummingbirds which are known to be un- 
specific (Wagner, 1946). The scanty 
equivalent data available for tropical hum- 
mingbirds, however, lead to the conclu- 
sion that those birds, too, are unmethodical 
and inconstant in their visits to flowers 
(Fr. Muller, 1873: Bates, 1895). The 
author has succeeded in finding one clear 
statement regarding the pollinating habits 
of Australian honeyeaters ( Meliphagi- 
dae). It is stated that Meliphaga vires-. 
cens versicolor “darts out with a fluster 
from among the hibiscus bushes on the 
beach away up to the top of the melaleuca 
tree ; pauses to sample the honey from the 
yellow flowers of the gin-gee, and down 
to the scarlet blooms of the flame tree. 
across the pandanus palms . . .”’( quoted 
in Mathews, 1923-1924, p. 471). 

Though flower-visiting birds may flit 
from one kind of blossom to another, their 
effective pollinating activity may be lim- 
ited to those plants whose corolla-tubes 
are of the right proportion for their bill. 
Now, the most important floral characters 
separating South American species of 
Fuchsia and Salvia are those relating to 
the length of the floral tube. The Andean 
species of hummingbirds, moreover, unlike 
their North American relatives, have very 
diverse bill proportions. Again in the Ha- 
waiian Lobelioideae the most important 
floral character separating closely related 
species is the length, curvature, and shape 
of the corolla-tube; and their pollinators, 
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the Hawaiian honeycreepers ( Drepanidi- 
dae), likewise exhibited marked variation 
in the proportions and curvature of the 
mandible (Perkins, 1913, pp. 385 ff.). 
The frequency of characters referring to 
the proportions of the floral tube in 
Fuchsia, Salvia and Lobelioideae is 18 per 
cent of the total number of characters, and 
alone nearly accounts for the difference 
between those plants and promiscuous 
plants. These facts suggest that a me- 
chanical isolating factor may be operative 
in some ornithophilous plants. 

If Perkins (op. cit.) and Rock (1919) 
were correct in their belief that the Ha- 
waiian honeycreepers were the only pol- 
linators of the lobeliads, the extinction of 
those birds must have placed a great selec- 
tive value on autogamy, or automatic self- 
pollination, in the plants that they form- 
erly pollinated. Rock (op. cit., p. 31) did 
in fact note that the flowers of Hawaiian 
lobeliads may be autogamously self-pol- 
linated ; and Skottsberg (1927) found that 
Cyanea hirtella Rock is both autogamous 
and self-compatible. The persistence and 
continued seed set of the lobeliads in areas 
where drepanid birds are extinct perhaps 
finds its explanation in this process of 
autogamy.* 


Mechanical Isolation in Bee Plants and 
Wasp Plants 


Mechanical relationships are not want- 
ing among such typical bee plants as the 
Papilionatae. It is well known that the 
flowers of alfalfa, clover, and other leg- 
umes cannot be pollinated except by bees 
of the right body weight or tongue length. 
The trigger device in the flowers of one 
member of the Papilionatae is currently 
the source of some concern to the alfalfa 
growers of California, who are not getting 
the normal set of seeds for the reason 
that bees of the right size and weight are 
not visiting the alfalfa fields (Linsley and 
MacSwain, 1947). It has recently been 


‘ The extensive literature on ornithophily has 
been thoroughly reviewed by Melin (1935) ; cf. 
also the writings of Porsch cited in the bibliog- 
raphy of the present paper. 


shown (Dunn, in press) that closely re- 
lated species of Lupinus may have slightly 
different floral mechanisms, so that one 
species is visited by bees and the other is 
not. 

The flower constancy exhibited by the 
pollinating bees in the foregoing cases 
does not lessen the fact that we are here 
dealing with mechanical isolation, accord- 
ing to the definitions proposed on page 82, 
since the barrier to interspecific pollina- 
tion would exist whether the bees were 
constant or not. This conclusion is borne 
out by the existence of mechanical isola- 
tion in flowering plants that are normally 
pollinated by inconstant wasps and ichneu- 
mon flies. The clip and slot device in the 
flowers of the milkweeds (Asclepiada- 
ceae), for example, which has secured 
them against the production of taxonomi- 
cally “difficult” species (Woodson, 1941), 
even though they are pollinated by in- 
constant wasps (Hurd, 1948) and flies, 
identifies that family as one where me- 
chanical factors have been influential in 
isolation. The pollination of some orchids 
by the pseudocopulation of male Hymen- 
opterans (Scoliidae, Ichneumonidae) with 
their flowers (Ames, 1937) provides an- 
other evident case of mechanical isolation. 


Tue Flower CONSTANCY OF BEES AND 
LONG-TONGUED FLIES 


A general classification of bees on the 
degree of their flower constancy was pro- 
posed by Loew in 1884. According to this 
classification a distinction was made be- 
tween bees that go indifferently to very 
diverse flowers (polytropic bees), bees 
that visit 4 few allied species of plants 
(oligotropic bees), and bees that visit 
the flowers of but a single species of plant 
(monotropic bees). Since Loew’s terms 
were applied to all bees, males and in- 
quilines as well as females, and to nectar 
visits as well as pollen visits, Robertson 
(1925) introduced the parallel terminol- 
ogy of polylectic, oligolectic and mono- 
lectic bees, to refer specifically to the pol- 
len-gathering visits. These distinctions 
apply at the level of species of bees, but in- 
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dividual bees, even of the polylectic class, 
may remain constant to one species of 
plant throughout a series of flights. 

This habit of the honey bee has been 
known since the time of Aristotle. Recent 
investigations into the flower constancy 
of the honey bee have been conducted from 
the points of view of insect psychology 
(v. Frisch, 1914, 1919), floral ecology 
(Clements and Long, 1923), and agri- 
culture (Brittain and Newton, 1933; 
Crane and Mather, 1943; Butler, 1945; 
Bateman, 1947), to cite but a few of the 
numerous papers on the subject. Data 
on the flower constancy of various wild 
bees, based on the examination of their 
pollen loads, are given by Bennett (1874), 
Clements and Long (op. cit.), Brittain 
and Newton (op. cit.), Linsley and Mac- 
Swain (1942, 1947), inter alia. 

Loew (1886) believed that long-tongued 
flies of the families Syrphidae and Bom- 
byliidae have, like bees, evolved habits of 
efficiency and constancy to complement 
their structural adaptations for rifling 
flowers with concealed nectar. Knoll 
subsequently (1921-1926, pp. 97 ff.) de- 
scribed a case of flower constancy in 
Bombylius fuliginosus Wied. That long- 
tongued fly remained true to the flowers 
of Muscari racemosum Lam. et DC., 
while skirting an individual of M. como- 
sum Mill. Lovell (1918), on the other 
hand, observed the syrphid fly Mesograpta 
germinata to be somewhat irregular in its 
flower visits. 


OBSERVATIONS AND EXPERIMENTS: WITH 
GILIA AND ANTIRRHINUM 


During the spring of 1947 the author 
grew in a garden in Berkeley, California, 
three subspecies of Gilia capitata (Pole- 
moniaceae). The three subspecies were: 
Gilia capitata capitata, a tall and slender 
annual with light blue flowering heads 
from the Coast Ranges in Napa County, 
California; Gilia capitata chamissonis, a 
short and stocky, glandular, sand-dune 
plant with deep blue flowers from Point 
Reyes Peninsula north of San Francisco 
Bay; and Gilia capitata tomentosa, also 


from the area north of San Francisco 
Bay.* The three subspecies were repre- 
sented in the garden by about eighty indi- 
viduals each. They were planted in one- 
foot rows, with complete randomization. 
The flowers were pollinated by honey- 
bees, and it was soon noticed that the bees 
did not stray over the garden at random. 
If a bee alighted on a plant of G.c.chamis- 
sonis she remained with that subspecies, 
passing over if necessary several individ- 
uals of G.c.capitata or G.c.tomentosa be- 
fore stopping at another G.c.chamissonis 
plant. The manner in which the bee on 
G.c.chamissonis carefully investigated a 
flower of G.c.capitata or G.c.tomentosa 
without entering it left no doubt that dis- 
crimination was being exercised. 

Other bees, working meanwhile on G.c. 
capitata and G.c.tomentosa, and freely cir- 
culating between these two subspecies, 
were likewise observed not to go over to 
G.c.chamissonis ; and this isolation of the 
two groups of gilias remained in force 
throughout the spring. As the summer 
advanced, however, and the supply of blos- 
soms diminished, the constancy of the 
bees became less rigorous. In late sum- 
mer bees were seen on more than one 
occasion to fly from G.c.capitata and G.c. 
tomentosa to G.c.chamissonis and vice 
versa; but even then this behavior did not 
become customary. 

Bulk seed was collected from each of 
the three strains in the garden and was 
sown in 1948. The progeny were then 
classified as subspecies or hybrids. This 
method would give an unbiased estimate 
of the movements of the bees only if the 
three subspecies of gilia were perfectly 
intercompatible. As a matter of fact, 
they are not fully intercompatible. With 
certain exceptions, female parents of one 
subspecies artificially crossed to the other 
subspecies in the greenhouse set only 


2 These names are based on described species 
and varieties of other authors, which the present 
author recognizes as subspecies. The proper 
nomenclatorial changes have been made in a 
monographic study of the group which will 
shortly be in press. 
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about half as many seeds per capsule as 
did plants used for inter se crosses under 
the same conditions. This leads one to 
surmise that, in the event of a bee bring- 
ing a mixed load of pollen to one stigma, 
the foreign pollen tube, or hybrid embryo, 
etc., would be at some disadvantage in 
competition with the products of the do- 
mestic pollen. The bees will therefore 
have made more inter-subspecific visits 
than are revealed by the progeny test. 


TABLE 2. Contamination of three subspecies of 
Gilia capitata grown intermixed in a garden 
and pollinated by honeybees 


| 
Parental sub- be Hybrid types in progeny. 
species mens by per cent 
| 
X G.ctomentosa 19.6% 
G.c.chamissonis 145 G.c.capitata 24 
134 X G.c.chamissonis 0.0 
G.c.ca pitata | G.c.tomentosa 58.7 


The results of the progeny test, which 
are recorded in table 2, indicate 0 per cent 
contamination of the progeny of G.c.capi- 
tata and G.c.tomentosa by pollen from 
G.c.chamissonis, and, conversely, 2.1 per 
cent contamination of the progeny of G.c. 
chamissonis from hybridization with G.c. 
capitata, but 19.6 per cent contamination 
of G.c.chamissonis from G.c.tomentosa. 
These figures can be correlated in part 
with the compatibility relationships of 
the gilias, the rather complicated details 
of which are being presented elsewhere 
(Grant, 1949). The much greater fre- 
quency of hybrids of G.c.chamissonis 2 X 
G.c.tomentosa (19.6 per cent) than of 
G.c.tomentosa 2 X G.c.chamissonis (0 per 
cent) may be accounted for by reciprocal 
differences in incompatibility between 
these two entities. The greater propor- 
tion of F, hybrids of G.c.chamissonis 2 X 
G.c.tomentosa (19.6 per cent) as compared 
with G.c.chamissonis 2 X G.c.capitata (2.1 
per cent) may again be due to the fact that 
the former cross is somewhat easier to 
make than the latter. These considera- 
tions fail to explain, however, why the 


POLLINATION AS ISOLATING MECHANISM 89 


quite compatible cross G.c.capitata 2 x 
G.c.chamissonis was not carried out. In- 
deed, when all due allowances are made 
for the reduced compatibilities between 
the different strains, the following conclu- 
sions stand out from the data of table 2. 
Pollination between G.c.capitata and G.c. 
tomentosa was at random, but pollination 
between G.c.capitata and G.c.chamissonis 
occurred very infrequently. In order to 
explain fully the results of the progeny 
test, therefore, it is necessary to con- 
sider the factors that determined the sys- 
tem of non-random pollination by the 
bees. 

The bees had been observed to discrimi- 
nate between G.c.chamissonis on the one 
hand, and G.c.capitata and G.c.tomentosa 
on the other, in the garden. The question 
arises as to how and by what characters 
the bees were able to recognize the two 
groups of gilias. There are several vege- 
tative characters separating the two 
groups: the dissection of the leaves, the 
glandulosity of the stems. There is the 
shape of the calyx lobes. But the be- 
havior of the bees did not indicate that 
they were guided by these characters. It 
was only after they had investigated the 
entrance to the flower that they accepted 
or rejected it. There must be some floral 
characters, other than the calyx, by which 
the bees were able to distinguish between 
the two groups of gilias. There are very 
obvious color differences. The corolla of 
G.c.capitata and G.c.tomentosa is pale la- 
vender-violet ; the corolla of G.c.chamis- 
sonis is deep bluish-violet. But since bees 
cannot distinguish one shade of blue from 
another, or blue from violet or purple 
(Frisch, 1914), they cannot have identi- 
fied the subspecies of Gilia capitata by the 
colors of their corollas. 

This leaves us with two possible char- 
acters, both well within the known field of 
perception of bees. The fragrance of the 
flower is different in each subspecies. The 
flowers of G.c.capitata and G.c.tomentosa 
are sweet-scented; those of G.c.chamis- 
sonis are creosote-scented. Bees do have 
a well developed sense of smell, and be- 
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come habituated to certain odors, as was 
shown experimentally by Frisch (1919). 
The second character which might have 
served as the basis for the flower constant 
behavior of the bees is the shape of the 
corolla lobes. In G.c.capitata and G.c. 
tomentosa the lobes are linear; in G.c. 
chamissonis they are oval (ci. fig. 2). 
This is the most important character used 
by botanists to separate the two groups of 
gilias; and since bees have a keen sense 
of form and a good memory for geometri- 
cal figures (Frisch, 1914), it is reasonable 
to suppose that they too perceived this 
character. 

Mather (1947) has arrived at quite sim- 
ilar conclusions from experiments with 
two species of Antirrhinum, which differ 
in the size and markings of the corolla. 
Almost a hundred plants each of Antir- 
rhinum glutinosum Boiss. and A. majus L. 
were grown intermixed in a garden and 
pollinated by honeybees. In the following 
season the progeny of A. glutinosum 
showed only 2.9 per cent contamination 
from A. majus, notwithstanding complete 
compatibility between the two species. 
However, these same A. glutinosum plants 
manifested as much as 4.2 per cent con- 


tamination from a group of various hybrid 
derivatives of A. glutinosum X majus, 
differing from the species mainly in flower 
color. This case is very interesting for 
our purposes, because the foreign pollen 
here had to travel across a distance of 
four hundred feet. Pollination between 
Antirrhinum glutinosum and A. majus in 
their common garden-bed was thus op- 
posed by a barrier more potent than 
microgeographical separation. That bar- 
rier was the flower constancy of the pol- 
linating bee, founded, as in the gilia ex- 
periments, on the perception of likenesses 
and differences in the corolla. 


ETHOLOGICAL ISOLATION IN BEE AND 
LONG-TONGUED FLy PLANTS 


We must next inquire whether there is 
any evidence for the hypothesis of etho- 
logical isolation by bees and long-tongued 
flies under natural conditions. It may be 
indeed that we should speak of clues 
rather than evidence at the present time. 
There is, for example, the interesting case 
described by Epling (1947a) in the bee - 
plant, Delphinium, where three interfertile 
species manage to coexist in the same 


Fic. 2. Drawings of the flowers of three subspecies of Gilia 


capitata. 
(A) G.c.chamissonis; (B) G.c.tomentosa; (C) G.c.capitata. 


Above, habit sketches of flower; below, form and venation of corolla 
lobes (both X 4). 
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territory without losing their specific dis- 
tinctness. 

“With [their high] degree of compati- 
bility it is difficult to understand how these 
three species maintain themselves. But 
more than that, despite careful search in 
mixed colonies, we have as yet found no 
evidence even of initial hybridization, al- 
though the F,s would readily be detected. 
The ecological differences are slight, in- 
complete study of the pollinators by our 
colleague, Professor Gorton Linsley, in- 
dicates no marked insect preference. The 
potential flow of genes seems assured, yet 
it is apparently not realized, or if so, to 
an extent far less than might be expected 
in view of the compatibility of the species. 
We can as yet offer no satisfactory ex- 
planation of the factors involved.” (Ep- 
ling, op. cit.) The three species of lark- 
spur, as Dr. Epling has kindly informed 
the author, are Delphinium hesperium 
Gray, D. parryi Gray, and D. vartegatum 
Torr. and Gray. As might be expected, 
they are separated by the size, shape, and 
hair-markings of the showy sepals, and by 
some other floral characters. 

The chief evidence for the hypothesis of 
ethological isolation is the existence in 
our temperate floras of a large contingent 
of bee and long-tongued fly plants, dis- 
tinguished one from another, for bees as 
well as for botanists, by visible markings 
of the flowers. The floral structure is 
sufficiently generalized in many of these 
plants, for instance Gilia capitata and its 
allies, so that a bee mechanically able to 
pollinate one species could pollinate the 
next one as well. In such cases etho- 
logical rather than mechanical factors 
must be the main ones producing floral 
isolation. Here then, among the less 
highly specialized groups of bee and long- 
tongued fly plants, is the potential sphere 
of influence of ethological isolation. 


Tue RELATION BETWEEN FLORAL Iso- 
LATION AND SPECIATION IN 
Bre PLANTS 


Two evolutionary roles may, on a@ priori 
grounds, be postulated for floral isolation 


in bee plants. In the first place, ethologi- 
cal isolation may operate to reinforce an 
isolation originally set up by geographi- 
cal and ecological factors. Its effect in 
this case will be to minimize the inter- 
breeding between sympatric populations 
which have acquired different floral char- 
acters during a previous period of geo- 
graphical separation. There are general 
reasons for supposing that this effect, 
namely the augmentation of the efficiency 
of allopatric speciation, may constitute the 
primary evolutionary role of ethological 
isolation in bee plants (Mayr, 1947, and 
in correspondence with the author ). 

In the second place, ethological isola- 
tion may itself conceivably determine, un- 
der certain conditions, the original di- 
vergence of populations. This might be 
the case, for example, when a mutation 
affecting the shape or markings of the 
floral organs, etc., arises in a population 
of bee plants. Let us suppose that the 
mutation is recessive and that a single 
mutant individual becomes segregated 
out in the population. The fixation of 
certain bees on the new kind of flower 
would impel them to return to the mutant 
individual at the beginning of each forag- 
ing flight (H. Miller, 1882; Buzzard, 
1936; Butler, Jeffree and Kalmus, 1943) ; 
the insufficient supply of blossoms on this 
one individual, however, would lead these 
bees to visit other individuals and so to 
cross-pollinate the mutant individual with 
the normal types. In this manner the new 
factor might spread through the popula- 
tion in the heterozygous condition. 

The next important stage in the his- 
tory of this floral mutation would occur 
after it had reached a critical frequency in 
the population. The segregation, then, 
in one generation of a large number of 
mutant individuals might insure that at 
least some of them would be isolated due 
to the flower constancy of the bees. The 
new line, remaining thus reproductively 
isolated from the main body of the popula- 
tion, might now accumulate other factors 
making for its differentiation. It would 
develop, in short, under the influence of 
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its own genic materials. The establish- 
ment of a new and distinct population 
within the limits of an old population is 
thus at least a hypothetical possibility in 
bee plants. 

It must be admitted that evidence for 
sympatric speciation by ethological iso- 
lation has not as yet been found in any 
group of bee plants. In Gilia and Antir- 
rhinum, for example, the data at present 
available suggest that new and distinct 
populations have first been allopatric be- 
fore they have become sympatric (Grant, 
1949; Baur, 1932). Powerful arguments 
have been advanced by Mayr (1947), 
moreover, against the hypothesis of sym- 
patric speciation in general. The impor- 
tant role of ethological isolation in evolu- 
tion would appear, in the light of present 
knowledge, to consist, not in the determi- 
nation of sympatric speciation, but in the 
reinforcement of allopatric speciation. 

A system of non-random mating has 
nevertheless been shown to exist in some 
flowering plants habitually pollinated by 
bees. That system of non-random mating, 
moreover, as we have seen from the data 
of Mather (1947), is capable of produc- 
ing more effective isolation than micro- 
geographical distances. The author has 
concluded, from the foregoing facts and 
deductions, that sympatric speciation in 
bee plants is by no means a theoretical 
impossibility. 

If floral isolation is a factor in the evolu- 
tionary divergence of angiosperms, we 
might expect to find, especially in areas 
rich in bees, a greater diversification of 
bee plants than of promiscuous plants. 
That such is indeed the case is indicated 
by the following facts. In Southern Cali- 
fornia, an arid to semi-arid land with a 
great concentration of endemic bees, there 
are, according to a survey of the genera 
listed in Munz’s Manual (1935), a mean 
number of 3.38 species per genus in pro- 
miscuous, entomophilous angiosperms, and 
5.94 species per genus in bee plants. The 
means are based on 143 genera of promis- 
cuous plants and 141 genera of bee plants ; 


the individual genera are approximately 
the same as, or comparable to, those listed 
in Appendix I. The difference between 
3.38 and 5.94 is highly significant, and can 
scarcely be due to chance alone. This rela- 
tively great diversification of bee plants in 
Southern California is what we might ex- 
pect if floral isolation is an effective factor 
in speciation (whether allopatric, sym- 
patric, or both) in bee plants. 

These considerations and the data pre- 
sented in Table 1 do not suggest that 
floral isolation has played a lone hand in 
speciation in bee plants. In many groups 
it may have played a very minor role, or 
no role at all. For instance, in some Pa- 
pilionatae closely related species appear to 
be isolated primarily by the inviability of 
the hybrid embryo. All attempts over a 
period of several years to intercross sev- 
enteen species of Lathyrus thus met with 
complete failure (Senn, 1938). A sec- 
ond case, illustrating a very different situ- 
ation within the group of plants pollinated 
by bees, is the Polemoniaceae. In the 
genus Gilia, and probably in some other 
genera as well, unpublished evidence of ” 
the author indicates that hybridization has 
been very active in the compounding of 
new floral structures out of older types. 
The young family, Polemoniaceae, thus 
places before us the problem of natural 
hybridization in bee plants, which has 
never been examined in the light of the 
phenomenon of flower constancy. These 
two examples will suffice to illustrate the 
point, which no one doubts, that the 
problem of speciation has many facets. 

In view of the abundant repertoire of 
isolating mechanisms in nature, as has 
been emphasized by several writers (Dob- 
zhansky, 1937; Mayr, 1948; Stebbins, in 
press), it cannot be imagined that floral 
isolation has enjoyed a monopoly in the 
origin of species of bee plants. The data 
of Table 1 and the figures just presented, 
however, are not in disagreement with 
the hypothesis that floral isolating mecha- 
nisms have in fact played a role in the 
evolution of bee plants. 
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SUMMARY 


Floral isolating mechanisms consist of 
barriers to interspecific pollination in an- 
giosperms imposed by structural contri- 
vances of the flowers which prevent the 
pollen of one species from being conveyed 
to the stigmas of the other (mechanical 
isolation), or imposed by the constancy of 
the pollinators to one kind of flower 
(ethological isolation). A necessary pre- 
condition for the rise of floral isolating 
mechanisms in any group of angiosperms 
is that the plants shall be non-promiscuous, 
that is, pollination shall be effected ex- 
clusively by certain types of animals. 
Such non-promiscuous plants are shown 
to be differentiated into species on floral 
characters to a greater extent than angio- 
sperms pollinated promiscuously by mis- 
cellaneous insects. 40 per cent of the 
taxonomic characters in bee and _ long- 
tongued fly plants pertain to the floral 
parts exclusive of calyx, and the corre- 
sponding figure in bird plants is 37 per 
cent, as compared with only 15 per cent of 
floral characters in promiscuous, ento- 
mophilous angiosperms, and 4 per cent in 
wind-pollinated angiosperms (cf. table 1). 
The great importance of floral characters 
for the classification of non-promiscuous 
angiosperms may perhaps be a conse- 
quence of the operation of floral isolating 
mechanisms. 

Floral isolation of the mechanical type 
may exist in plants pollinated by birds, 
butterflies, moths, bees, or long-tongued 


flies. Ethological isolation must be con- 
fined to plants pollinated by those insects 
which exhibit habits of flower constancy, 
chiefly bees, but also some long-tongued 
flies and hawkmoths. 

As an example of ethological isolation 
under artificial conditions some observa- 
tions and experiments with Gilia capitata 
(Polemoniaceae) are reported. Three 
subspecies of Gilia capitata, two with lin- 
ear corolla lobes and sweet-scented nectar, 
and one with oval corolla lobes and creo- 
sote-scented nectar, were grown inter- 
mixed in a garden where they were pol- 
linated by honeybees. The bees were ob- 
served in general to remain either with 
the linear-lobed or the oval-lobed sub- 
species, and not to cross-pollinate them ; 
in the progeny of the garden plants a low 
percentage (0 to 21.7 per cent) of F, hy- 
brids between the two groups of gilias 
was encountered. The most probable 
conclusion that can be drawn from exist- 
ing knowledge of bee psychology, from 
the known characters of the plants, and 
from the observed behavior of the bees on 
the flowers is that the bees were distin- 
guishing the two groups of gilias by the 
form and venation of their corolla lobes 
and /or by the odor of their nectar. 

Ethological isolation may have two 
roles in the evolution of bee plants: the 
initiation of a primary evolutionary di- 
vergence as a result of the selective pol- 
lination of mutant floral types arising 
within a population ; and the prevention or 
reduction of interbreeding between sym- 
patric populations which have acquired 
different floral characters during a pre- 
vious period of geographical separation. 
In the light of present knowledge, the lat- 
ter role, or the augmentation of the 
efficiency of allopatric speciation, is prob- 
ably of considerable evolutionary impor- 
tance; whereas the former role, the initi- 
ation of sympatric speciation, is largely of 
academic interest. In any case, bee plants, 
in so far as they possess a method of iso- 
lation not available to promiscuous plants, 
are in a position to undergo more rapid 
evolution than the less specialized groups 
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of angiosperms. There are, in the flora 
of Southern California, an average num- 
ber of 5.94 species per genus in bee plants, 
as opposed to 3.38 species per genus in 
promiscuous, entomophilous angiosperms. 
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APPENDIX I 


List of Genera considered in Table 1 


A—Bird Plants.—On AGRACEAE.—F uchsia (Hum- 
mingbirds [Trochilidae]). Rusracear.—Al- 
bertia, Amaioua, Anisomeris, Arcytophyllum, 
Bathysa, Bertiera, Borreria, Cephaelis, Chi- 
marrhis, Chomelia, Cinchona, Coccocypselum, 
Condaminea, Coussarea, Diodia, Duroia, Exo- 
stema, Faramea, Galium, Geophila, Gonza- 


lagunia, Guettarda, Hamelia, Hillia, Hippotis, 
Hoffmannia, Isertia, Ixora, Joosia, Laiden- 
bergia, Machaonia, Macrocnemum, Manettia, 
Mitracarpus, Oldenlandia, Palicourea, Pen- 
tagonia, Phitopis, Posoqueria, Psychotria, 
Randia, Relbunium, Retiniphyllum, Richardia, 
Rondeletia, Rudgea, Sabicea, Sickingia, Sper- 
macoce, Tocoyena, Uncaria, Warscewiczia 
(many Rubiaceae of American tropics 
pollinated by Hummingbirds, but detailed in- 
formation is wanting for the foregoing gen- 
era). SCROPHULARICEAE.—Castilleja, Pentste- 
mon (in part) (Hummingbirds). LasiaTag. 
—Salvia, sect. Calosphace (Hummingbirds). 
LecumMINosAE.—Albizzia, Bauhinia, Brachy- 
sema, Kennedya (the foregoing genera by 
Honeyeaters [Meliphagidae] inter alia), 
Brownea, Erythrina (the foregoing two gen- 
era by Hummingbirds). CAMPANULACEAE- 
Cyanea, Delissea, 
Lobelia, Rollandia (Hawaiian Honeycreepers 
[Drepanididae]). Proreacear.—Adenanthos, 
Banksia, Conospermum, Dryandra, Frank- 
landia, Grevillea, Hakea, Helicia, Isopogon, 
Lambertia, Lomatia, Macadamia, Orites, Pe- 
trophila, Persoonia, Stenocarpus, Stirlingia, 
Synaphea (the foregoing Australian genera 
pollinated by Honeyeaters, etc.), Diastella, 
Faurea, Leucadendron, Leucospermum, Mi- 
metes, Nivenia, Protea, Serruria, Sorocepha- 
lus, Spatalla (the foregoing South African 
genera pollinated by Sunbirds [| Nectarinii- 


dae]). LorantHaceAr.—Loranthus (Sun- 
birds). Ander- 
sonia, Archeria, Astroloma, Brachyloma, 


Coleanthera, Conostephium, Cyathodes, Dra- 
cophyllum, Epacris, Leucopogon, Lysinema, 
Melichrus, Monotoca, Richea, Sprengelia, 
Styphelia, Trochocarpa (Honeyeaters etc.). 
Kniphofia  (Sunbirds). 
Gladiolus (Sunbirds). 
AMARYLLIDACEAE.—Anigozanthos (Honeyeat- 
ers etc.).. Musaceae.—Heliconia (Hum- 
mingbirds), Musa, Strelitzia (foregoing two 
genera by Sunbirds). Orcuimacrar.—Disa 
(Sunbirds). 

B—Butterfly and Moth Plants.—Capriro.ia- 
CEAE.—Lonicera (also pollinated by Hum- 
mingbirds). CARYOPHYLLACEAE-SILENEAE.— 
Dianthus, Silene. Ork- 
CHIDACEAE.—Habenaria. . SoLaANACEAE.—Da- 
tura, Nicotiana. 

C—Bee Plants.—BoraGin ACEAE.—Anchusa, Ech- 
ium, Pulmonaria, Symphytum. FUMARIACEAE. 
—Corydalis, Dicentra, Fumaria. LaABIATAg. 
—Ajuga, Ballota, Galeopsis, Lamium, Pru- 
nella, Salvia (some California species are 
Hummingbird flowers), Scutellaria, Stachys 
(in part), Teucrium. 
NATAE.—Astragalus, Colutea, Cytisus, Hedy- 
sarum, Genista, Lathyrus, Lotus, Lupinus, 
Medicago, Melilotus, Ononis, Ornithopus, 
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Phaseolus, Trifolium, Vicia. OrcHIDACEAE.— 
Orchis. RANUNCULACEAE.—Aconitum, Aqui- 
legia, Delphinium (foregoing three genera 
are bumblebee plants). ScrRoPHULARIACEAE. 
—Antirrhinum, Aureolaria (bumblebees), 
Chelone (bumblebees), Collinsia, Digitalis, 
Euphrasia, Gerardia, Gratiola, Linaria, Mimu- 
lus, Pedicularis (bumblebees), Pentstemon 
(in part), Rhinanthus (bumblebees). 
CEAE.—Viola. (Long-tongued flies and Lepi- 
dopterans may exceptionally work the floral 
mechanism in some of the foregoing bee 
plants. ) 

D—Bee and Long-tongued Fly Plants—Bora- 
GIN ACEAE.—Cynoglossum, Heliotropium, Lith- 
ospermum, Myosotis. CRASSULACEAE.—Sem- 
pervivum.  Fricaceae.—Arctostaphylos, 
Azalea, Pyrola, Vaccinium. GERANIACEAE.— 
Erodium, Geranium. HypropHyLLACEAE.— 
Hydrophyllum, Miltitzia, Nama, Nemophila, 
Phacelia. Lasratar.—Lycopus, Mentha, Sat- 
ureja, Stachys palustris and sylvaticus, Thy- 
mus. Fritillaria. Lytu- 
RACEAE.—Lythrum. 
Sphaeralcea. ONAGRACEAE.—Epilobium. 
EMONIACEAE.—Collomia, Eriastrum,  Gilia, 
Langloisia, Leptodactylon, Linanthus, Navar- 
retia, Phlox, Polemonium. RANUNCULACEAE. 
—Helleborus. ScropHULARIACEAE.—Verbas- 
cum, Veronica (chiefly Syrphid-flies) . 

E—Promiscuous Plants—AcERACEAE.—Acer. 
BERBERIDACEAE.—Berberis. CARYOPHYLLA- 
CEAE-ALSINEAE.—Arenaria, Cerastium, Sa- 
gina, Spergularia, Stellaria. CRUCIFERAE- 
BRASSICEAE and -SIsyMBRIEAE.—Aphragmus, 
Arabidopsis, Brassica, Brassicella, Braya, 
Brayopsis, Chrysochamela, Conringia, Cos- 
sonia, Crambe, Descurainia, Didesmus, Diplo- 
taxis, Enarthocarpus, Eruca, Erucaria, Eru- 
castrum, Eudema, Eutrema, Fortuynia, 
Halimolobus, Harmsiodoxa, Heterothrix, Hu- 
guenina, Maresia, Micromystria, Microsisym- 
brium, Moricandia, Onuris, Orychophragmus, 
Parlatoria, Phryne, Physorrhynchus, Pseude- 
rucaria, Raphanus, Rapistrum, Sarcodraba, 
Schouwia, Sinapidendron, Sinapis, Sisym- 
brium, Smelowskia, Sobolewskia, Sophiopsis, 
Stenodraba, Taphrospermum, Thellungiella, 
Torularia, Vella, Weberbauera, Xerodraba, 
Zilla. EupHorBIACEAE.—Euphorbia. 
ceAE.—Veratrum. RANUNCULACEAE.—Ranun- 
culus. RHAMNACEAE.—Rhamnus. Rosaceae. 
—Crataegus, Geum, Potentilla, Prunus, San- 
guisorba. SALICcACEAE.—Salix. SAXIFRAGA- 
cEAE.—Saxifraga (fly flowers). Scropuvu- 
LARIACEAE.—Scrophularia (wasp flowers). 


UMBELLIFERAE.—Angelica, Apium, Arracacia, 
Cicuta, Cymopterus, Donnellsmithia, Eryn- 
gium, Hydrocotyle, Ligusticum, Lilaeopsis, 
Lomatium, Ocenanthe, Oreoxis, Osmorhiza, 
Oxypolis, Perideridia, Prionosciadum, Ptery- 
xia, Rhodosciadium, Sanicula, Tauschia. 


F—Wind-pollinated Plants 
nus, Betula, Carpinus, Corylus, Ostrya. 
CypEerACEAE.—Carex, Scirpus. FAGACEAE.— 
Castanea, Quercus. GrAMINEAE.—Agrostis, 
Aira, Aristida, Agropyron, Bouteloua, Bro- 
mus, Calamagrostis, Chaetochloa, Danthonia, 
Echinochloa, Elymus, Eragrostis, Festuca, 
Glyceria, Hordeum, Lolium, Melica, Muhlen- 
bergia, Oryzopsis, Panicum, Phalaris, Sita- 
nion, Stipa, Trisetum. JUGLANDACEAE.— 
Carya, Juglans. JuNcAcEAE.—Juncus, Lu- 
zula. NaAIADACEAE.—Potamogeton. PLata- 
NACEAE.—Platanus. 

G—Water-pollinated Plants.—NAtADACEAE.— 
Naias, Ruppia, Zostera. 
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America. Univ. Calif. Press, Berkeley. 
Beetle, A. A. 1941-1942. Scirpus. Am. Jour. 
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Mackenzie, K. K. 1931-1935. 
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Mason, H. L., and A. Grant. (in press.) 
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Miller, W. 1916. Datura, in Bailey, Standard 
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York and London. 
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Munz, P. A. 1943. -A revision of the genus 
Fuchsia (Onagraceae). Proc. Calif. Acad. 
Sci., 24: 1-138. 

Ottley, A. M. 1925. Lotus, in Jepson, Manual, 
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Pax, F. 1902. Aceraceae, in Engler. Pflan- 
zenreich iv. 163. 

Pennell, F. W. 1935. The Scrophulariaceae 
of eastern temperate North America. 
Monogr. Acad. Nat. Sci. Phil. 1. 

Rehder, A. 1916. Platanus, in Bailey, Cyclo- 
pedia, etc. 


Rendle, A. B. 1901. 
Pflanzenreich iv. 12. 

Ricker, P. L. 1916. 
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_ Rock, J. F. 1919. A monographic study of 
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. Mus. Publ. 
Rydberg, A. 1908. Rosaceae, in N. Am. FI. 
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Sargent, C. S. 1933. Manual of the Trees of 
North America. Boston and New York. 
Schulz, O. E. 1919-1927. Cruciferae, in 
Engler. Pflanzenreich iv. 105, 4 pts. 

Schumann, K. 1900. Musaceae, in Engler. 
Pflanzenreich iv. 45. 

Small, J. K. 1914. Ericaceae, in N. Am. FI. 
29 (1). 

Smith, C. P. 1925. Lupinus, in Jepson, Man- 
ual, etc. 

Standley, P. C. 1936. Rubiaceae, in Macbride, 
Flora of Peru. 

Taylor, N. 1909. Naiadaceae, Zannichelliaceae, 
Potamogetonaceae, in N. Am. Fl. 17 (1). 
Winkler, H. 1904. Betulaceae, in Engler. 

Pflanzenreich iv. 61. 
Zeile, E. M. 1925. Castilleia, in Jepson, Man- 
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NOTES AND COMMENT 
BALANCED POLYMORPHISM IN DROSOPHILA MONTIUM 


Newton Frerre-Mata 
Departamento de Biologia Geral, Universidade de Sao Paulo, Brasil 


Brazilian populations of Drosophila montium 
are polymorphic with respect to the pigmenta- 
tion of the abdominal tergites. Two color forms 
have been distinguished, a light and a dark one. 
Crossing experiments in the laboratory have 
shown that the difference between these color 
forms is mainly due to a single autosomal gene. 
In the males the gene for dark pigmentation 
has little or no effect at high temperatures 
(around 25° C.), but in males containing this 
allele and developed at 18° C. the last two 
abdominal tergites are generally darkened. In 
females which contain the same allele all the 
abdominal tergites (with the exception of the 
first) are more or less darkened. The allele 
for the dark pigmentation is dominant to that 
for the light one. 

In natural populations of southwestern Brazil 
both dark and light individuals are found, the 
latter being usually more frequent than the 
former. Seventeen experimental populations 
have been set up in the laboratory, in each of 
which the initial population was a mixture of 
dark and light flies derived from population 
samples from various localities in southwestern 
Brazil. Six of these populations were kept in 
population cages which represent modifications 
of the model described by Dobzhansky (1944). 
Eleven populations were kept in one liter milk 


bottles with banana-agar medium; the flies 
were transferred to fresh bottles generally after 
each generation. The experiments were con- 
ducted at the temperatures of 18° C., 25° C., 
and at room temperature, and lasted from one 
to eight months. The results, although variable 
in some experiments, showed clearly that the 
color variation in Drosophila montium repre- 
sents a case of balanced polymorphism. [In all 
experiments that were continued for sufficient 
time equilibria between the frequencies of the 
light and the dark forms were reached, the 
light one being usually more frequent than the 
dark one. This indicates that the heterozygous 
(dark) form possesses the highest adaptive 
value, the homozygous light being intermediate 
and the homozygous dark lowest. The varia- 
tions observed between experiments in the ap- 
parent equilibrium values and in the speed of 
the changes leading to the attainment of these 
values are caused apparently by the employ- 
ment of strains derived from different localities 
in different experiments. 
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ASEXUAL REPRODUCTION IN RELATION TO PLANT EVOLUTION ! 


It is a well known truism that problems 
related to organic evolution as a whole, as well 
as any part of this subject, must be subjected to 
attacks through all the methods and disciplines 
of biology which can be brought to bear upon 
them. Nevertheless, at least until compara- 
tively recent times, the implications of this 
truism have been met more often in theory 
than in practice. When, therefore, a biologist 
musters all of the evidence available in every 
branch of biology for a comprehensive attack 
on some problem of evolution, his effort is 
worthy of the attention of all evolutionists. 
And when he succeeds by this means in pro- 
viding at least a partial solution of his problem, 


1 Apomixis in the Higher Plants. Ake Gus- 
tafsson. Lunds Universitets Arsskrift. N. F. 
vol. 42, no. 3; vol. 43, nos. 2 and 12. 370 pp. 
1946, 1947. 


and in indicating the type of research which 
will most probably bring about its complete 
solution, then his work must be regarded as a 
milestone in the progress of our science. Such 
an attack and such a solution have been pro- 
vided by Dr. Gustafsson in the volume here 
under consideration, 

Dr. Gustafsson’s extensive monograph on seed 
formation without fertilization in plants is in 
three parts. The first, entitled “The mecha- 
nism of apomixis,” begins with a short history 
of the research that has been done in this field 
over a period of 90 years, continues with a 


_ discussion of the rather complex and involved 


terminology of the subject, and concludes with 
a description of the cytological phenomena in- 
volved in the various types of apomixis; the 
latter section occupying 56 out of the 66 pages 
devoted to this part of the work. This neces- 
sary descriptive section is clearly expressed and 
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well illustrated with reproductions of illustra- 
tions from original papers. 

The second part of the monograph, entitled 
“The causal aspect of apomixis,” deals with the 
relation to apomixis of polyploidy, disturbances 
of meiosis, hybridity, gene combinations, the 
physiology of the plant as a whole, and certain 
sterility phenomena. In regard to polyploidy, 
the evidence assembled by Dr. Gustafsson shows 
that the apomictic processes of vegetative re- 
production and adventitious embryony, which do 
not involve the formation of a morphological 
gametophyte and egg cell, occur frequently 
in diploid species as well as in polyploids. On 
the other hand, types of apomixis involving the 
production and development of gametophytes 
and egg cells with the unreduced chromosome 
number are much more likely to occur in poly- 
ploid than in diploid forms. This is due partly 
to the fact that irregular types of meiosis, 
which can lead to megaspores and gameto- 
phytes with the unreduced chromosome number, 
occur more easily in certain types of polyploids 
than in diploids. But a more important cause 
of the connection between polyploidy and apo- 
mixis is the well documented fact that poly- 
ploidy provides a _ physiological constitution 
which “releases potentialities that lie latent in 
the diploid organism” for the development of 
egg cells without fertilization. 

While the breakdown of meiosis is a well 
known characteristic of most apomictic plants, 
it is by no means found in all of them, and is 
expressed to very different degrees, depending 
largely on the type of apomixis which is oc- 
curring. 

In regard to hybridity, Gustafsson follows 
Winkler and many other authors, including the 
present reviewer, in rejecting the hypothesis of 
Ernst, that apomixis is caused directly by 
hybridization. On the other hand, he shows by 
a careful review of the evidence in genus 
after genus that in nearly every group the 
majority of the apomictic forms are definitely 
or probably of hybrid origin. This is explained 
partly by the fact that most forms of apomixis 
involve the alteration of a series of processes 
in the life cycle of the plant, particularly those 
of meiosis and fertilization, and that a success- 
ful apomictic cycle must achieve a perfect inte- 
gration of these numerous genetic alterations of 
developmental processes. Hybridization between 
varieties and species brings about the formation 
of a wide variety of recombinations of such 
mutant forms, and therefore increases greatly 
the possibility that a successful recombination 
will be formed. 

The chapter on “The genetical background 
of apomixis” is an elaboration of the hypothesis 
that, except for certain simple types, like repro- 
duction by bulbils and other vegetative means, 
“single specific ‘apomixis genes’ do not cause 


the apomictic reproduction; more likely there 
exists a specially interbalanced system of many 
genes.” The chief evidence for this hypothesis 
is derived from an analysis of numerous hybrids 
between apomictic and sexual forms in the 
genera Poa, Potentilla, and Parthenium. In 
these genera, sexuality usually appears to be 
dominant over apomixis; but this apparent 
dominance is due to the fact that hybridization 
breaks up the gene combination responsible for 
the apomictic cycle, and the reconstitution of 
this combination is difficult to achieve. In- 
stances in which apomixis appears to be domi- 
nant over sexuality are those in which apomictic 
forms with high chromosome numbers have 
been crossed with sexual types having low ones; 
in these instances the number of genes favoring 
apomixis appears to have a decisive effect. 
The hypothesis of this chapter has the impor- 
tant corollary that in most groups apomixis 
does not appear at once; obligate apomicts are 
usually preceded in evolution by forms with 
facultative apomixis, that is, those which can 
reproduce either by the sexual or the apomictic 
method. The obvious significance of this fact 
for the known polymorphism of apomictic com- 
plexes will be discussed below. 

The chief message of Dr. Gustafsson’s chapter 
on “The physiological basis of apomixis” is to 
show our lack of knowledge in this field, and 
the need for further research. 

The last two chapters of the second part of 
the monograph point out first that the sexual 
relatives of apomicts usually are cross fertilized, 
either because of self incompatibility, dioecism, 
or some other mechanism preventing autogamy. 
Dr. Gustafsson then considers the hypothesis of 
Strasburger, elaborated by Darlington, that 
apomixis is “an escape from sterility.” Critical 
evidence against the general validity of this 
hypothesis is provided by the results of certain 
crosses in the genera Poa and Rubus, in which 
sexual forms derived partly from polyploid 
apomicts are vigorous and highly fertile. These 
results, along with the fact that many faculta- 
tive apomicts produce abundant offspring by 
the sexual method, show that apomixis is not 
necessarily preceded or accompanied by sexual 
sterility. 

The third part of Dr. Gustafsson’s mono- 
graph, entitled “Biotype and species formation,” 
is the longest of the three, and has the greatest 
interest to students of evolution. Its first 
chapter gives an explanation of an apparent 
paradox; namely that groups having apomixis, 
in which the normal sources of genetic variabil- 
ity have been reduced or eliminated, are no- 
torious for their polymorphism, and for the 
great number of species that have been de- 
scribed in them. There are five sources of this 
polymorphism: hybridization and segregation, 
polyploidization and haploidization, mutation, 
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autosegregation, and the elimination of biotypes. 
As mentioned earlier, hybridization may take a 
large part in the origin of apomixis, and may 
be repeated indefinitely in the partly sexual, 
facultative apomicts which exist in many groups. 
When apomixis is present, many hybrids and 
hybrid derivatives can survive which would be 
eliminated in sexual groups because of their 
sterility. The only requirements for success in 
an apomict are vigor, adaptation to some nat- 
ural environmental niche, and a gene combina- 
tion ensuring a well integrated apomictic cycle. 
Furthermore, the hybrid origin of most apo- 
micts makes them strongly heterozygous, and 
therefore particularly susceptible to variation by 
other means. Polyploidy is a source of addi- 
tional variability, since most apomictic com- 
plexes contain polyploid series of chromosome 
numbers, often extending to 8, 12, or even 16 
times the original haploid number. Direct evi- 
dence for mutation in apomicts is relatively 
scant, but the presence of mutants in vegetative 
tissues of Rubus, Taraxacum, and other groups 
shows that this factor is operating. The fourth 
source of variability, autosegregation, is a type 
of genetic segregation which can occur, without 
reduction of the chromosome number, by means 
of the abortive types of meiosis which frequently 
occur in apomicts. Its existence, first postu- 
lated by Darlington, is made more probable by 
Gustafsson, although as yet there is only in- 
direct evidence for it. Finally there is the 
fact which Gustafsson considers in the intro- 


duction to this chapter; namely that much of 


the polymorphism in apomictic complexes is 
apparent rather than real, and is due to the 
fact that certain less adapted biotypes become 
eliminated and are not periodically reconsti- 
tuted, while other successful ones become per- 
petuated over a large number of individuals 
via the apomictic process. The surviving bio- 
types thereby become relatively sharply distinct 
from each other, and are therefore noticed by 
the systematists, while in a sexual species bio- 
types equally different in morphological charac- 
teristics are passed over because they are con- 
nected by innumerable intermediate and recom- 
bination types. This point has been clearly 
shown in Taraxacum by Heribert-Nilsson and 
in Crepis acuminata by Babcock and Stebbins. 

The subsequent chapter, on the age and his- 
tory of apomictic microspecies, should be of 
interest to all plant geographers. It supports 
very well the opinion expressed by Gustafsson 
in an earlier paper, namely that apomicts are 
highly significant in plant geography. Because 
of their genetic uniformity or homogeneity, 
they are very unlikely to have occupied in the 
past ecological niches different from those in 
which they are now found. Their present dis- 
tribution patterns, therefore, are relatively little 
altered from those of past geological ages, and 


such phenomena as wide discontinuities of dis- 
tribution and closely similar vicarious micro- 
species in areas far distant from each other are 
particularly likely to favor the hypothesis of a 
relictual nature in these groups. On this basis, 
Gustafsson reviews and strengthens the evidence 
of Nordhagen, Nannfeldt, and others, that sev- 
eral apomicts of Taraxacum, Hieracium, Poa, 
and Alchemilla have distributions which indicate 
that they are older than the last (Wurm) gla- 
ciation, and have survived in sheltered areas. 
He also shows that certain apomicts of Hiera- 
cium must be younger than certain recognized 
stages of the postglacial shore line of the Baltic 
Sea, and therefore with a maximum age of 4000 
to 6000 years. There is no doubt that further 
studies of this sort in Scandinavia and else- 
where will thrown much light on both the age 
of various boreal floras and the rate of evolu- 
tion in apomictic complexes. 

The next to last and longest chapter of Dr. 
Gustafsson’s monograph deals with apomixis 
and the species problem. Here the author, with 
more data at hand than any previous botanist, 
makes a bold attempt to produce a comprehen- 
sive solution of this problem, but in the opinion 
of the present reviewer he has met with less 
success in this than in the other topics of his 
work. This is due partly to the inherent diffi- 
culties involved, partly to the fact that the 
author is not primarily a systematist by train- 
ing, and very considerably to the fact that in 
considering groups with world wide distribu- 
tions he places far too much emphasis on their 
condition in the relatively restricted area of 
Scandinavia and northern Europe. His division 
of apomictic and amphi-apomictic complexes into 
six groups, which in turn form two series, 
seems highly artificial, and in many instances 
based on supposed differences which may not 
actually exist. There seems to be little basis, 
for instance, for placing certain apomicts of 
Rubus idaeus, Poa bulbosa, and Poa alpina in 
group I of the first series, while the remainder 
of the genus Rubus is in group IV and of Poa 
in group V, both of the second series. Dr. 
Gustafsson recognizes that the sexual relatives 
of the apomicts of these genera which he places 
in group I can cross and form partly fertile 
hybrids with sexual types related to the forms 
placed in the other groups: so that full knowl- 
edge of these genera throughout their distribu- 
tional area might easily show that each consists 
of but a single huge apomictic and polyploid 
complex. Also, the American apomictic com- 
plex of Crepis is placed in group IV, charac- 
terized as “The apomictic complexes directly 
relate to diploid sexual populations which keep 
distinct in nature,” while Hieracium and Ta- 
raxacum are placed in group VI, in which, it 
is said: “Sexual relatives do not exist or are 
depauperate and relict.” But, as pointed out 
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by Babcock and Stebbins, five of the seven 
sexual species of Crepts are clearly depauperate 
and relict, while some of the sexual species of 
Hieracium and Taraxacum, such as H. umbel- 
latum, H. auricula, and T. bessarabicum, are 
widespread and rich in biotypes. Furthermore, 
the entire complex of Crepis has been searched 
for sexual forms, and all of them are known, 
while in Hieractum and Taraxacum those parts 
of their distributional areas most likely to yield 
diploid, sexual forms have been very little 
explored in this connection. In the opinion of 
this reviewer, there is no fundamental differ- 
ence between the apomictic complexes in these 
three genera, except that the one in Crepis is 
less extensive. 

In his last chapter, Dr. Gustafsson discusses 
the relation to plant evolution not only of apo- 
mixis, but also of polyploidy and vegetative 
reproduction in sexual forms. He points out 
that vegetative reproduction is particularly fre- 
quent among plants found in certain habitats, 
like woodlands and swamps, and that plants 
with this type of reproduction are particularly 
likely to be polyploid. He takes exception to 
the commonly expressed view that polyploidy 
provides particularly good adaptations to ex- 
treme environmental conditions, an opinion 
which this reviewer shares only in part. He 
also points out that polyploidy often causes 
cross fertilized species to become autogamous, 
but does not neglect the fact that many poly- 
ploids are self-incompatible and regularly cross 
fertilized. 

Dr. Gustafsson’s final conclusions regarding 
the origin of apomixis may be summarized 
about as follows. Conditions strongly favor- 
ing the appearance and spread of apomixis in 
a group are the perennial habit, the existence 
of some type of vegetative reproduction along 
with the sexual method, and obligate cross 
fertilization. In some groups possessing these 
characteristics, individual recessive genes may 
exist causing the formation of bulbils, of ad- 
ventitious embryos, of diploid gametophytes or 
the development of egg cells without fertiliza- 
tion. Occasionally combinations of such genes 
may be brought together, either through inter- 
crossing between members of the same species 
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population, or through hybridization between 
species, and the resultant individuals will be 
facultatively apomictic. If the individual in 
which such a favorable combination appears is 
particularly well adapted to some environment 
available to it, and especially if it is sexually 
sterile or partly so, its apomictic reproduction 
will have a high selective value, and it will 
produce numerous apomictic descendants. In 
them, additional mutations favoring apomixis 
will have still more selective value, and the 
transition from facultative to obligate apomixis 
may be expected to occur. Meanwhile some or 
all of the genes favoring apomixis can be trans- 
ferred to other biotypes by hybridization and 
segregation, and an apomictic complex can thus 
be built up. Finally, the obligate apomicts will 
acquire additional phenomena of sexual sterility 
and degeneration of the sexual parts, partly 
because mutations causing such changes will be 
unopposed by selection, and partly because they 
may make for rapidity and economy of growth 
and seed formation, and so have a positive selec- 
tive value. Polyploidy usually enters the com- 
plex at an early stage, in some groups probably 
before, and in other groups after, the onset of 
apomixis. Its association with apomixis is due 
partly to the vegetative vigor and partial or 
complete sexual sterility of many polyploid 
forms, and partly to the fact that polyploidy 
reduces the threshold of action of some of the 
genes favoring apomixis, causing them to mani- 
fest themselves on a polyploid but not on a 
diploid genetic background. 

Dr. Gustafsson’s monograph is based on a 
bibliography of nearly 800 literature citations, 
which, as the text shows, have for the most 
part been carefully read and digested. There 
is also a convenient list of apomictic species, 
systematically arranged, with their chromosome 
numbers and references to the literature about 
them. This monograph is not only an indis- 
pensable source of reference on its subject; it 
is also a model for studies of a similar nature 
on other phases of evolution. 

G. Lepyarp Stepsins, Jr. 
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